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There are many applica*ions today for ground-penetraiing

(GPR) systems with var} ng requirements. These
ications encompass utility pipe detection, subsurface
way surveys, archaeological surveys, mine shaft dez
mne . Many GPR systems nave been developed to mee=
s. The designs of the GPR systems are as varied as zhsir
ications.
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Zach application requires that the GPR providé informazic
ut the subsurface targe:(s) of interest and that tne sizgna:
m the desired target(s) be distinguishable from other
als, for example, from *hose gzenerated by the surrcundinz
ia. Thus, the potential GDR user identifies systam

ormance reguirements such as depth penetration,
resoluticn, range accuracy, measurement speed, power

n D n, and the G?PR physical dimensions. Thes

ot
t3

ct
o
»
]
[
N
Q
"3
(]
U
)

o
el
-
S
®
-
n

e
)4
-
"3
v
£2
[\
]
s o
()]
')
'e] [1:3]
'3
9]
X
®

+3
8}
o p
81
O 0 3
ct
Y
o

3
3
y— O
of

7))
b
.()
o
"3
[8]
0
3
o} -
=RV

(o]

[ RS SV
D ct
®
o
[AURY
w n o
O = O
1
D
ba
23
o
}.4
w 'y @
"3
(O]
+ (D
(OB}
N
pa
33

8]
3|
v

s Uu

L O
4]

ry of
®
3 f
®
ct
}l

1

(ORI
]
50
th @ Py (y
(%
ct QO

L

-
@ O

'3 b
o

e B /)]
ct
(o]
L)
M (L ¢

Yy
1]
TR
vy

[}
“3
n
ct
()
3

O

30 - 3
o
i}
pa
]
ct 3
3

'3
fu
3 2
L (D

v3
4]

3
o

(D W
33
O <3
3
ot
[
)
rwn

K¢

3
0y
-
ol
b
"3
]
3
:

el
)]
e
W)
"3
b
o N1 I 77}
3
3

£ <
w o nwnpn O
[0 (] b

3

LW

,,
M P
e

!

30
3
0 PP
0O
ot S
1
QO . @

s

S0 .0
3 ¢

ct
e
3

)

3
8]
V]
&)
b
i3

!

4

Iy
(4]
o]
b
3
W om
NG
)
2]
4]
|
SRS

[Q Y]
N
O3
3
3]
[S I
*3
ty (D
'3
O
2]
)
ofr frLob°
Y e.
141
5
V3
(L
O
Hocr oy
(VIS
b (D
)y
(1
o
)]
(D
(9]
o
o O
23
ot {U
s
“3m
- '1
2
1
49!
[4]]
Ui
ot
4]
3
177}




r-------------------------__—~

nave neen built using time-domain techniques, frequency-dcmain
zecnnigues, and combinations of btotih.

Most of the time-domain GPR systems use tasebtand pulsers
wizh pulse widths and power lzvels determined by the design

requirements. However, optimum pulse shapes are difficult o
Zenerate. These time-domain systems often use simple,
sroadband sampling receivers which produce low-frequency cutpu~
~avelorms +that are easily reccrded and displayed. Many
difrarent signal-vrocessing ftechnigues have been app.isd =0
—ime-domain GPR output data to 2nnance Target Zdetecticn and

requency-cdcmain GPR systems typically use RF frequency-
mcdulation technigues. These systems are usually larger and
more expensive tnan their time-domain counterpart . However,
tn2 frequency-dcmain systems coffer more flexibili in R
Tandwidtn selection. Furthermore, receivers and transmltters

d better overail system ciutter and

a b
zan Te designed tnat yiel
; their time-dcmain counterpar=cs. Cu
ke

nclse performance than utpuT
Zata from the frequency-dcmain radars must usually undergo
ccmplex signal processing before it can be easily interpreted
7 the Qperator. '

The purpose of this GPR signal source evaluation program
was to identify which tyve of GPR system provided the hesct
»erfcrmance, bHased on riteria of depth penetraztion,

BN |

ct
®
O

resclution, and signal-to-clutter performance. GAR tested two
oilsed GPR systems, as well as a "M-CW based GPR system, and a
s=2pted rM-based system to determine which technoliogy yielizi
w“ne Zest results. Zach of +the systems was tested on a scal.=-
mcdel test tank containing nhcmogeneous soil with knecwn turis=d
targe*s and prooes. Two different scil types were modeled wi=n
t“ne <cank to simulate a medium-loss environment and a low-loss

\V]




SECTION 2

SUMMARY OF WORK PERFORMED
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empt to minimize the effects of clutter signals on the
ceived target signals. However, we discovered during tae
sts of the two types of antennas that the dipole antennas
rovided noticeably better s*gnal-to-clutter performance <han

he TEM horns. Since the signal-to-clutter ratio was the
minant limitation in target detectability, the triangular-
eet dipoles were used for the subsequent GPR compariscn
st

he four candida*te GPR socurces were tested with the tTwo

2lay model envircnments. The triangular-sheet dipols antennas
~2re used Wwith all of the systems =2xcept tne GSSI radar. The
antennas could not be used with the GSSI radar because it nad a2
single integrated receiver, transmitter, and antenna assembly.
Target signal recurn amplitudes were measured from the pipe
targets and the performances of the radars were compared. The
measursement results are presented in Section 8.
Section 8 also presents the results of measurements usl

a full-scale version of the scale-model GPR system that gav
~he best performance in the scale-model tests. The system was

ested on an outdoor pipe test field containing buried plasztic
and metal pipes. Qualitative data from the full-scale

reasurements demonstrated the general performance
cnaracteristics of that GPR system.

A recommendation for a high-performance GPR based on an
aluation of the measurement results is given in Secticn.S.
ter reviewing the results, GAR felt that a single, fixed RT
zandwidth GPR 1s not flexible enough to meet all of the
requirements of resolution and deep penetraticn. Several RT
candwidths are required. The frequency-domain systems prcvide
more performance flexibility than the time-domain pulsed GPR
systems at the expense of higher cost and complexity. I
receiver dynamic range and system-generated- clutter perf
2% U3€d a3 =svaluation criteria, a pulsed, time-dcmain G
“7pically match the capabilities of a frequency-do

a ] hesized signal source. Reducing
tter and maximizing dynamic range are critical in order %o
Z111S! et signais frcm clutter returns.

)}




SECTION 3

DESCRIPTION OF THE GROUND PENETRATION PROBLEM

Ground-penetrating radars are designed to operate 1ir
considerably different environment than more conventional

|

radars. Tne GPR must cperate with a medium that is
elecircmagn=+tically inhomogeneous and lossy. Furthermcre, ==z
2lectrcmagnetic preoperties of the soil centaining =<he %argze-=s
are usually ungnown or are kKknown only near tnie surface Trhes=
Treperties may vary cn a daily basis with varying mcisture
content.

An ideal ground-penetrating radar system should be able
detect targets buried at any desired depth, and resolve
multlple targets 1if they are closely spaced. However, <he
relative dielectric constant and attenuation propertie £

ar

s ¢

soll generate severe limitations on one's ability to ccnszrucs
a GFR system that provides such ideal performance. The GPR
design goals usually represent a compromise between such
desired ideal performance and the best performance achievasle
under given conditions. For example, a high resoluu-on GPR
7pically is not capable of great depth penetration. In
addition, most GPR systems have maximum range capabilities of
few meters or less. Although the radar designer is typically

not able to achieve ideal performance, he can in practi
apprcach optimum performance, that is, the best performance
cttainable with available technology under existing condit:

- -

O

3.1 SOIL DIELECTRIC PROPERTIES

The dielectric properties of the soil affect the
nperformance oI a GPR more than any other factor. These scil
proper=ties vary w~“ith geocgraphical ilocation, as well as wizth
Zepth from the surface The attenuation, conductivisy,
relative dielectric constant, loss tangent, and permeabili:y
are interreiated factcrs that determine the way electromagne:
energy propagates tnrougn the soil. The effects that these
soil characteristics have on tne performance requirements cf
PR are explained nelcow

=




3.1.1 ELECTROMAGNETIC PROPAGATION IN SOIL

™ _ propagation characteristics of an eleciromagnetic wave
in any medium are determined largely by the propagation
constant of the medium. The propagation constant includes tiae
effects of attenuaticn, conductivity, and the relative
dielectric constant. The following description of
electromagnetic wave propagatiocn in soil illustrates the
effects of these factors.

To simplify the description of eleciromagnetic wave

oropagation in soil, or any other medium, it is helpful tc maxks
several assumptions. Let us assume that the soil medium 1s
infinite in spatial extent, linear, homogeneous, isotropic, and

electrcmagnetically source-free. Assume also that the
electromagnetic field energy propagating in the ground has a
transverse electromagnetic field structure (the TEM mode), aas
a sinusoidal variation with time, and operates as a plane wave.

Under these assumptions, Maxwell'’'s equations may be
expressed as:

VZE - ~2E = 0 (3.1)
VZE - 48 = 0 (3.2)
vV . B =0 (3.3)
v - 8 =0 (3.4)
v = (jwa (o + jue))? (3.5)

-

Here, E and H are vector, sinusoidal representations of the
ac*tric and magnetic field components of the electromagnezic
F=3

was The scalar quantity ~ 1s the complex propagation
constant, determined by characteristics of the medium. It 1
described in detail later. The term 4 1is the permeability of
the medium, o is the conductivity, and ¢ is the dielectric




Assume that a rectangular coordinate system 1s establisne.
having X, 7, and z axes, with the positive z direction being
the direction of propagation of the electromagnetic wave intc
the ground. This assumpticn yielids solutions of Maxwell's
equations of the form:

E, = E e (3.6
E, = E/e ° (3.7
H = H e '~ (3.5
H, = He ™ (3.5

G}

wWhere Z,, E,, Hy, and H, are scalar components of the vectors

and B in the ¥ and 7y directions. The + sign on the = and H
field components indicates that the wave is traveling in the
positive z direction. Solutions also exist for waves travelin.

in the negative z direction, but they are neglected here for
simplicity. Equations (3.6) through (3.9) describe the form ¢
the electromagnetic plane-wave compecnents in the soil with =zhne
parameters established above.

The complex variable ~ in the exponent of Equations (3.8:
through (3.9) is of great interest in predicting the

performance of a GPR. This term is defined in Equation (3.5)
and contains all of the electromagnetic parameters of the
medium through which the wave propagates. In Equation (3.5),
= 2xf, where f 1is the frequency of the propagating sinusoidal
electromagnetic energy. Also, j = (=-1)"? and denotes an
imaginary number.

Often, v 1is expressed in terms of its real and imaginary
parts as in EZquation (3.10) below:




Sclving Equation (3.5) for its real and imaginary parts
produces two roots; however, only the solution yielding a
rositive imaginary part is valid for real media. The quantity
a is the attenuation factor and 3 is the phase propagation
factor.

Once the quantities u, o, and ¢ are determined for a
given medium, the attenuation and phase factors in Zqu-.tion
(3.13) are known. Solving for a and 7 yields:

r 1 r 12

a = w Ve i—i— V1 + (s/oep - 1 f (3.11)
( 1 r 1/2

3 = wpue 3-5— v o1 o+ (c/we)? *+ 1 (3.12)
L L

O0ften the electromagnetic soil attenuation characteristic Is
expressed in dB/meter. This method of expressing the soil
attenuation addresses power loss and is computed as follows:

Attenuation (dB/meter) = 20 log,, e . | (3.13)

Other quantities used tc characterize dielectric mediza and

soil are derived from ~v, 4, o, and e¢. These quantities are
the relative dielectric constant, the relative permeabili=<y,
“ne loss tangent, and the intrinsic impedance. The definitions

of these quantities are given below:

Relative Dielectric_Const. € = €/¢, - (3.14)

Relative Permeability u_ = u/p, (3.15)

Loss Tangent 6 = o/we (3.16)

Intrinsic Impedance 7 = (jwu/(o + jwe ))"? (3.17)
19




Here, €, and p_ are the permittivity and permeability of free
space, respectively. For most soils, pu_=1.

The intrinsic impedance relates the amplitudes of the E
and H field components by the equation:

In| = |E| / |H] (3.18)

In this report, the most commonly used terms to describe soil
characteristics will be a, the attenuation in dB/m, and € .

3.1.2 DETERMINING SOIL PARAMETERS

One of the most challenging problems confronting any GPR
designer is to design the radar to operate in a soil
environment that is quite diverse. The designer must address
the most demanding environment and tailor his design to meet
those requirements. The worst soils often exhibit high
ralative dielectric constants coupled with hizh lcss
characteristics. These lossy scils impose stringent
requirements on maintaining high signal-to-clutter and signal-
to-noise ratios in the radar.

Soil characteristics vary greatly with geographical

location. Figure 3.1 is a map of the United States indicating
the different soil types that may be found in different
geographical areas'. The map is generalized and does not show

the range of soil types that occur even within the areas
indicated.

Table 3.1 is a list of common materials, including soils,
with thelir approximate relative dielectric constants. The
relative dielectric constants range from 1 for air to 81 for
water. The relative dielectric constant determines the speed
of electromagnetic energy in that medium. That speed is
inversely proportional to the square root of the dielectric
constant for the medium. This relationship is given by:

Speed in medium = ¢ / Ve, = v, (3.19)

wnere ¢ is the speed of light in a vacuum.

1M
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TABLE 3-1. TYPICAL RELATIVE DIELECTRIC CONSTANTS FOR SELECTED

MATERIALS.

Material €.

Alr 1
Pure Water 81
Seawater 81
Freshwater ice 4
Seawater ice 6
Snow (firm) 1.4

Sand (dry) 5
Sand (saturated) 30
Clay (saturated) 10
Granite (dry) 5
Granite (wet) 7
Limestone (dry) 7
Limestone (wet) 8
Shale (wet) 7
Sandstone (wet) 6
Soil - sandy dry 2-4
sandy wet 20-25

loamy dry 2-6

loamy wet 15-20

clay dry 2-6

clay wet 19-20

Permafrost . 6-13
trong concrete - d4dry 5-9
soaked 22 nrs 19-15

Cracked concrete - dry 4-5
soaked 22 hrs 13-20

Asphalt 12-16




For example, assume that an electromagnetic wave 1is
propagating through a soil with a relative dielectric constant
=7 16. Since the speed of light in a vacuum is approximately
Tx19% meters/second, the speed of the wave in the soll is
3x103/(16)"%, or 7.5x107 meters/second.

Since the speed of electromagnetic energy in a medium Is
inversely proportional to the square root of the relative
dielectric constant of that medium, the wavelength of the
o

nergy is also inversely proportional to this quaniity. This
ssrives from %he relaticonship tetween frequency (£), waveleng:n
(A), and speed(v) of electrcmagnetic energy:

fA =v (3.20)
The variation in speed and wavelength with respect to the
relative dielectric constant of the medium implies that range

accuracy and resolution are medium-dependent. The impact of
-nis observation on the operation of a GPR is discussed in thse
next sectlon.

In order to evaluate GPR performance-in a given soil, one
must know all of the important soil parameters in addition to

the dielectric constant. Unfortunately, all of these
parameters, including the dielectric constant, are frequency-
dependent. To measure the parameters accurately with respect

o frequency, a scil sample must be taken and measuresd.

T7pical test equipment for making socil parameter
measurements at radio frequencies (RF) includes a test cell and
a microwave network analyzer. The test cell is usually a
section of RF transmission line that is filled with the soil
sample. The propagation characteristics of the RF energy in
“ne test cell filled with the sample are measured with the
ne<work analyzer. Since the prcpagation characteristics of the
lad test cell are known, the soil parameters can be
mined by comparing the results of the measurements with
iiled and unfilled test cells.

Appendix A contains plots of the measured parameters of

various soil samples. All of *the measurements were parformed
=7 Dr. Glenn Smith of the Georgia Institute of Technoclogy.

[




Dr. Smith used a H

School of Zlectrical Engine . e
zer and a calibrated, open-~-circuic

Packard 8428 network analy
test cell.

The first grcup of measurements were made with a sampie <-I
clay soil taken near the Gulf Applied Research facility in
Marietta, Georgia. The moilsture content of the clay was vari=zs_
and a set of measurement curves was generated. The curves
indicate the wvariaticns in relative dielectric constant and
at*tenuation with respect to moisture content.

AS tne clay moisture coniant increases, so doces tThe
relative dielectric constant and the attenuation of tne ener
as it travels through a given depth of soil. One should nccz

that, in the frequency range of the measurements, the
+

attenuation for a given moisture content increases with
frequency. This is true for typical soils. Also, note that
the attenuation-per-meter curves are for one-way travel througr
the soil. Thus, 1f a target is located one meter below tne

ct
b v
v
.

surface, this one meter represents the ocne-way travel dis
nowever, the radar energy actually travels two meters as 31
travels from the transmitter antenna to the uarget and Tack =
the receiver antenna.

3
O
(]

O

The next group of measurements was made with a sample cf
sand. AT low to moderate moisture contents, the sand has a .c-
relative dielectric constant and low attenuation. The
characteristics ¢of the sand are considerably different than
those of the clay discussed above.

The last group of measursments in Appendix A was made frco
several samples of soil taken in Japan. The locations where
the soll samples were taken are unxnown. No attempt was made
to vary the moisture content of the soil samples.

Nevertheless, the variation in the soil parameters on a samp.=-
~“o-sample basis is remarkable.

3.1.3 EFFECTS OF SOIL PARAMETERS ON GPR SYSTEM PERFORMANCE

The properties of the scil greatly affect the performance

of a2 GPR. The relative dielectric constant of the scil
determines the maximum depth resolution possible for a given =
sandwidzth. Cepth resoluticn is defined as the capabilicy of




distinguishing two targets that are closely spaced in range
)

(time). The resolution of any radar system is related to Ics
RF bandwidth, or equivalently, to its RF pulse width. As =xhe
relative dielectric constant of the soil increases, the
resolution of a GPR with a given R¥ bandwidth improves

The resolution capabilities of a GPR are easiest <o
visualize if a pulse-based, time-domain system 1s considered.
Nonetheless, a frequency-domain GPR, such as one that uses
continucus frequency modulation, has resolution capabilitiss
cased on its RF bandwidth as well.

Resolution for a pulse radar is usually defined as hail ol

the pulse length in the medium. A GPR that generates a one-
nanosecond pulse in air has a pulse length of ©.3 meter. Thi

gives the GPR a resolution of 0.3/2 = 0.15 meter in air. In a

S

soil with a dielectric constant of 16, the resolution improves

2 2.15/(16)72 = 9.0375 meter.

Not only will the relative dielectric constant affect the

GPR resoluticn, this constant must be known exactly in order
measure the target depth accurately. Although the time
fference between the surface return and a subsurface target

=,
o

return can be accurately measured with the GPR, a knowledge of

ot

ne speed of the RF energy is required to determine the
corresponding depth of the target. Without a knowledge of
scil relative dielectric constant, the speed of the RF ener
in the soil is unrknown.

"~

ot
.

Oy

Fortunately, in many GPR applications, precise dep:n
ac curacy is not required. An experilenced operator can often
estimate the relative dielectric constant of the soll well
snough “or the purposes of most field operaticns. In practic
is usually possibl » _
measuring the dielectric constant in regions near the

)

O
vyt

surface. The dielec=ric ccnstant of the surface sampi2 can
scmetimes be used as a reasonable approximaticn of the
dielectriz constant of deeper soil.

The soil attenuation charac*teristics can affect the GPR
resolution and deptn penetration. The attenuation curves
usually show increasing lcss-per-meter with increasing
{requency. This means that scil acts like a lowpass fil:er
“ne RF enerzy passing tharough it. Removing some of the high

[e))

7

to obtain soil samples for the purpose
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-
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frequency energy from an RF pulse has the effect of slowing ==n=
rise time of the pulse and widening it as well. The degree =:
which this cccurs depends cn the severity of the attenuazticzcn
curves for a particular scil. As a GPR pulse widens on 1:s
vassage through lossy soil, the effective resclution of *the Cr-
decreases. Thus, one finds that most GPR systems designed fcr
deeper penetration (and corresponding poorer resolution) use
wider pulses than thcse designed for shallow penetraticn and
nhigher resclution.

The depth penezrazicn capability of a ziven GPR is
trimarily dependent on the azttenuation chnaraciteristics oI zne
soil. As RFY energy passes through the soil, 1% encouncters
targets that reflect a portion of the eaergy. The energy is
attenuated as it travels through the soil toward the target as
well as back to the surface from the target. The amount of
attenuation due to the soill parameters is based on the
attenuation curves fcr that particular scil. Unfortunately,
tne attenuation is not linear with depth and it is usually
measured in decitels-per-meter (33/m).

Tor example, assume that an RF pulse passes through soil
with a 292 d3/m attenuation characteristic and that this
attenuation is uniform with respect to frequency. Thus, =nsrz;
traveling through one meter of scil is attenuated 20 d3. This
means that the pulse power level after one meter is 9.21 times
tne power level as the pulse enters the soil. If the pulse
travels two meters, 1t is attenuated 40 d3 and the
corresponding power Level at that point is 2.0202' times =zhe
sriginal pcower level.

3.2 THE TARGET IDENTIFICATION PROBLEM

The main purpose of a GPR is to detect subsurface Turiaz
zZc.ects, or tarze-+s. These tarze<s can te utili=ty piges,
sunnels, cavities, zuried cables, e<%c. Signal returns fromotos
3PR are typically prcocessed and displayed to identify <thne
returns frcm desired %targets. However, the signals received =-
wne GPR do not necessarily represent resturns from desired
Large+ts.




The RF energy transmitted from the antenna system can
encounter many interfaces and objects. When the propagating =T
2nergzy impinges on an interface or object, a porticn cf the
snergy is reflected back toward the source. The rest of tl.e
enerzy either scatiers in other directions or passes through
the object or interface. The amount of energy reflected back
tcward the scurce 1is determined by the si1:ze and shape of the
interface as well as by the difference between the relative
dielecwric cecnstants of the materials at the interface.

R=2flections from undesired targets are often referred o
as cluszter However, clutter 1s not restricted to undesired
Targst returas. Clutter also refers to any undesired sizgna.s
that appear in the receiver that are coherent with the
transmitte al. This can include connector reflections in

a w0

r7, multiple bounces in the antenna, and noise
szupling frcm the transmitter to the receiver cover the power

SuDDly Lines.

Clut®tar nas the tendency to mask, or interfere witn, the
returns I-2om desired targets. With most broadband GPR systems,
the internally generated or "system" clutter (not related to
Talse targzets) limits the detectability of a desired tarze+.
Cne refers to such a system as being "clutter-limited," as
crposed to a "noise-limited"” system, in which target
detectatllity s limited by the thermal noise level.

hal¥

If =he target signal

-

ievel falls below *the clutter .svel,

i< becomes more difficult, 1f not impossible, to reliably
lezect =he target. Fortunately., certain signal processing
“echnigues can reduce the effects of the clutter. Such
tecnhniques for GPR systems can te quite diverse. Most of them
are developed from technigues used with conventicnal radar
systems. Zxamples of these techniques are clutter sub*traction,.
“ime-domain synthetic'éperture processingz, various types of
irgizal filter prccessin >, and orobabililiscic targes
iiscrimina<icn® These technizues wvary in implemenzazicn,
ccaplex:ity, and speed. The selection of the specific technigue
TO use 1n a given case 1s derendent upon the application of
Lnterest

In brief, the tasxk of identifying a desired target becom=s
sne of distinguisning 1%s signal return from the returns of
indesired %argets, syst=2m clutter, and system noise




Furthermore, the need to satisfy this requirement is
independent of the type of RF modulation used by the GPR. n
essence, this 1s a key performance criterion of any GPR system.

3.3 DESIGNING THE GPR SYSTEM

This section presents scme of the design cconsiderations
that influence the development of a GPR system. The design
Zcals are usually Tased on the reguired penrnetraticn dep*th,
target reso.ution, RY zower radiation limits, the GPR system
size, and the system coszt. These requirements must iways z=
referenced to scme spect soil parameters. This section

focuses on the relatlonshlp between GPR resoclution and
bandwidth, as well as on RF power requirements, general antenn:
design considerations, and the elimination of system-generated
clutter.

3.3.1 GPR BANDWIDTH AND RESOLUTION

The penetration depth and resolution specificatiocns
determine the RF bandwidth required for a GPR. The bandwidih
may be developed using a direct time-domain pulse; or by using
a frequency-domain system, such as FM-CW or stepped-FM. The
frequency-dcmain systems provide the most Tlexibility in
tailoring the RF bandwidth, since generating optimum time-
domain pulses directly is difficult. With frequency-dcmain
systems, the frequency ccmponents c¢an be individually phase- =
amplitude-modulated to achieve beneficial system
charac=eristics. Thnis 1s not as easy to accomplish with pulse
radars.

e soil attenuation characteristics, good depth
equires the use of low—fxyquency R¥ energzgy. z

cenetration ot
cenirast, high resolution requires nhigh-frequency energy.
rFigure 3.2 plots two rectangular pulses. The rectangular
Pulses each have normalized amplitudes of one volt. Figure
3.3a 1s the frequency spectrum of the two-nanosecond pulse frcr
Figure 3.2a and Figure 3.3b is the spectrum of the higher-
resolution one-nanosecond pulse. Note that the bandwidths c?
“he pulses are inversely proportional to their pulse wid+:ns.
The rectangular pulse shapes were selected purely as an examo.
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Amplitude (volts)

time (ns)
-1 +1
(A)
Ampiitude (volts)
1
!
- [ time (ns)
-0.5 +0.5
(8)
Figure 3.2: Plot of (a) 2ns rectangular pulse and (b} 1ns

rectangular pulse.
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and do not necessarily represent optimum pulse shapes for a GPR
design.

Since the soill acts as a lowpass filter to electromagnetic
energy, a compromise will exist in the GPR design between
resolution and depth penetration. In fact, with increasing
depth penetration, a GPR with a given RF bandwidth will have
better resolution at shallow depths than it will at deeper
depths. For this reason, many GPR systems utilize different RF
bandwidths and antennas derending on their application.

3.3.2 GPR TRANSMITTER POWER CONSIDERATIONS

Once the GPR RF frequency range has been selected, the
transmitter power requirement must be identified. The power
requirement is a function of the desired depth penetration, the
soll attenuaticon, the target radar cross section, the
efficiency of the antennas, the receiver noise level, and the

applicable regulations regarding RF energy emissions. The GPR
designer must estimate the gzsxpected signal level from a buried
target given a reference power level. If the estimate

indicates that the signal level will fall below the minimum
detectable receiver signal, then the power transmitted must be
increased. The limits on the maximum radiated power are
usuvally regulated by governmental agencies and are based on
safety and RF interference requirements.

Unfortunately, merely increasing the GPR transmitter power
does not necessarily mean that signals from deeper subsurface
targets will be 1dentifiable at the receiver. The system-
generated clutter usually proves to be the limiting factor.
The clutter will increase linearly with increasing transmitter
power, as will the desfred target returns. Therefore, if a
target signal is masked by an internally-generated clutter
sigrnal when a low-powar transmitter is used, increasing i
cower “ill increase the clutter signal as well, so that
target signal will still h»e masked.

ct M
o3 ot
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The internally-generated clutter often appears in fixed
time positions within the receiver output signal range wind
Thus, this type of clutter does not always interfere with +
target return signal. If the receiver window is positioned

W
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O
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optimally in time, or the internal clutter is moved away from
the receiver time window, then the GPR will usually benefit
from increased transmitter power. The optimal positioning of
the internal clutter is not always possible, however.

The reader should note that soils have one-way power
attenuation characteristics that are on the order of tens of

decibels per meter. To increase the transmitter output power
12 dB, the output signal voltage must increase bty a factor of
3.16. To increase it by 20 dB, the output voltage mus=t e 2
times nigher. Large increases in <ransmitter power can place
heavy demands on the transmitter design, especially fcr sher=-
pulse systems. This is because nigher~power <transmitters
usually require electronic components that can withstand larger
power supply vcocltages and currents. Such components tyrically
cannot produce pulses as narrow as the ones produced by lcwer

power devices.

3.3.3 GPR ANTENNA CHARACTERISTICS

One of the key elements in a GPR design is the selecticn
of a proper antenna. A GPR can use a single antenna for both
transmitting and receiving (monostatic configuration), or one
antenna for transmitting and a separate antenna for receiving

(bistatic configuration). In any case, the antenna(s) used
must provide a good RF match to the transmitter and receiver
and should be as efficient as possible. In addition, the

antenna size and radiation pattern may be important
considerations for particular GPR applications.

Typical GPR applications require relatively broadband RT
systems. The antenna must have the capability of radiating as
much of the transmitter output energy as possible. Thus, <the
RF bandwidth of the GPR must match the radiation bandwidth o
the antenna. Cr, equivalently, *the antenna must be designed =
match the RF bandwidth of the transmitter.

Broadband antennas act much like highpass or bandpass
filters. They cannot radiate energy below their low-frequency
cutoff. Therefore, if the RF frequency band of the GPR is such
that it extends below the low-frequency cutoff of the antenna,
that portion of the energy below the cutoff will not be
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radiated. A similar situation exists at the antenna upper
cutoff frequency.

One desires that the transmitting antenna absorb the
energy that i1t cannot radiate. Otherwise, the antenna will
present a high reflection coefficient for the frequencies
outside its efficient-radiation band. Any reflected energy
from the antenna input will propagate back toward the source.
This can be disastrous, especially for a monostatic system,
because the reflected energy will contribute to the internal
system clutter and can mask weak targets 1if 1t should appear in
the receiver window.

An additional requirement for the antenna is that it be
cn--dispersive. This implies that the group delay for the
frequencies in the antenna passband is constant. If a pulse
system uses an antenna with a constant group delay and a
bandwidth that is wide enough for the RF frequency range, the
radiated and received pulses will not ring or stretch
appreciably. This will maintain a minimum pulse resolution
cell. These benefits are also desirable for CW systems.

3

However, one can measure the antenna characteristics on a
discrete-frequency basis and correct for certain antenna
distortions, whether in amplitude or phase. Unfortunately,
these corrections are not always easily performed. The best
approach to minimizing antenna-related distortion problems is
with careful antenna design, thereby eliminating as much
waveform pre~-processing or post-processing as possible.

The antenna propagation and radiation characteristics are
related to the length and shape of the antenna. For a given
antenna with a known radiation bandwidth, doubling its length
will reduce the low-~frequency cutoff by a factor of two. Thus,
antennas for GPR systebs that are designed f-r deep penetra.icn
are usually larger than those used with high-resolution GPR
systems. This is because soils typically attenuate high RY
frequencies more than low RF frequencies. Therefore, deep-
penetrating GPR systems have transmitter bandwidths
ccncentrated at lower frequencies. Such concentration at lower
frequencies creates larger pulse widths in time-dcmain systems.
In contrast, the high-resclution GPR systems require a
relatively large RF bandwidths, which is equivalent o a narrow
pulse.
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The antenna size also affects its radiation pattern. Many
antennas have radiation patterns that can be approximated as
though originating from apertures. Larger antennas approximats
larger apertures. TFor a given frequency of electromagneti
energy being radiated, the radiation pattern from a small
aperture will be broader than that from a large aperture.

Also, for a given aperture size, the radiation pattern will be
broad for low frequencies and narrow for high frequencies.
This implies that the antenna radiation pattern will not bhe
constant over the typical bandwidths of GPR systems. This
phenomencn will affect system resolution at target angles 57—
coresight frcm the antenna.

3.3.4 REDUCING INTERNAL CLUTTER IN A GPR SYSTEM

Internal clutter in a GPR system is minimized by careful
design and construction practices. A critical factor affsctins
the clutter levels is the design of the transmitter and
receiver transmission systems. All RF components should =e
matched as well as possible to the transmission lines (usually
5@ ohm coaxial cables) to eliminate reflection points. This
includes antennas, transmitters, samplers, RF amplifiers,
mixers, etc. Any reflections should be absorbed or mcved in
time with RF delay lines to keep them out of the receiver rangs
window. Any discontinuities in the transmission lines, such =a
connectors, will contribute %o the reflections.

N

Clutter may also enter the transmitter and receiver
systems through the power supply lines for the system
components. For example, a transmitter pulser can place nigh-
frequency noise on its power supplies and ground plane. o7
this power supply noise is not filtered or removed by
techniques, 1t can enter the receiver section through
supply lines. This type of noise can easily add signi
clutter %o tne receiver cutput.
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SECTION 4

MODELING THE PIPE DETECTION PROBLEM

The initial approach to determining the optimum GPR signal
source required detailed investigation of the problem of
subsurface pipe detection. GAR performed an approximate
analysis to estimate the maximum depth capability of a GPR in a
inown environment. The anralytical model selected was flexitle
2nough to include effects of soill attenuation, antenna
parameters, surface reflection loss, wave diffraction at the
surface with variable antenna neight, and the target radar
cross section. The model did not include the effects of
clutter, whether generated internally or externally. GAR
adjusted the model to simplify the computations. The
dominating factors controlling the signal propagation and
attenuation were retained in the analysis. These factors
included the antenna gain-bandwidth product, the soil
attenuation characteristics, the transmission coefficient ax
the air/soil interface, and the radar cross section of the
pipe.

4.1 SUBSURFACE TARGET DETECTION MODEL

The model selected was developed by the National Bureau of
Standards (NBS) as part of a research project for the U.S.
Department of the Interior, Bureau of Mines>. This section
describes that model and the approximations used by GAR to
simplify the pipe target analysis. The basis for the model is
the radar range squation. The model estimates the received
signal power as a funqtion of GPR system parameters, soil
parameters, and target parameters. The model accounts for cnly
cne RAF frequency at a time; thus, the model should be evaluazed
r a.l of the discrete frequencies in the RF frequency band ¢
terest. The radar equation is given below:

ooy,
(9]

]
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where

S = received signal power,

P = transmitter output power,

G,, G, = gains of the transmit and receive antennas,
respectively

o = target radar cross section,

Ao = wavelength of electromagnetic energy in air,

a = the attenuation factor of the complex propagation
constant,

I = two-way power transmission at the air/soil
interface, accounting for dielectric differences,

D = dispersicn effect due to the medium resulting in
pulse stretch and subsequent amplitude reduction,

R = range from the radar antenna to the target,

R, = the part of the range in the soil only,

Cq = factor accounting for the two-way refraction az

the air/soil interface.

In Equation (4.1), the left-most fraction is the power
density at the target, and the second is the reflected power
density at the receiver, based on the target radar cross
section. These power densities assume a free space
environment. The right-most fraction is the effective are
of the receiving antenna. The remaining terms account for
losses associated with the scil and the air/socil interface

Several simplifying assumptions were made for the GAR
analysis using the model in Equation (4.1). First, the antennz
and its phase center were assumed to be on the surface so tha*
R, = R. Second, the factors C, and D were neglected. Third, =z
monostatic GPR configuration was assumed, so G. = G,. Fourzh,
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the soll was assumed to te homogeneous. The first two
simplifications were instituted because detailed information
concerning the antenna radiation pattern for each of the
frequencies of interest was required if the factors C4 and D,
as well as the antenna phase center were included in the
analysis. This information was not available and it was felt
that these parameters did not have the significant impact on

the analysis that the remaining parameters had.

ratio of the power density of the scattered wave at the
aceiver to the power density of the incident wave a+t the
arget, multiplied by 47R?, where R is the distance from the
source to the target. For this analysis, a pipe target was
assumed to be an infinitely long cylinder and the incident
electromagnetic field was assumed to be polarized parallel <o
the pipe axis. The NBS radar cross section model of an
infinite cylinder assumed that the distance from the socurce =c
the cylinder was very large with respect to the waveleng+th c¢f
the electromagnetic energy, so that there was plane-wave
incidence at the cylinder.

ct

Equation (4.2) gives the radar cross section for the
cylinder at plane wave incidence: '

oy = SR |P|%/ k

(4.2)
where, P is given by:
o) . cCsS no
P = -Z (-1) e J (ka)| —— oo (4.3)
iy H » (ka)
dere, e =1 for n=2 and 2,=2 otherwise, J, are Bessel functions,
Z. - are Hankel functions, k=(u3uaeae'f‘, and a is the cy.inder

For regions where ka < 0.05, the solution for Equation
(4.3) may be approximated by a Rayleigh function. For regicns
where ka > 6, Equation (4.3) may be approximated by a gecme<ri:

optlcs solution. For the intermediate region of ka, the exace
so.ution for Zguation (2.3) is used for maximum accuracy.




The value of ka for most GPR applications falls into the
intermediate region. However, to simplify the analysis
considerably, at the risk of some tolerable inaccuracy, the GA-
approach utilizes the geometric optics approximation for zthe
radar cross section of the pipe using a monostatic radar. This
radar cross section is given by:

o, ~ Rma (4.4)

4.2 EXAMPLE CALCULATION USING THE NBS MODEL

The following example will illustrate the use of the NZ
model for predicting the radar return from a buried pipe. T
simplifying assumptions outlined in Section 4.1 will apply £
this example. Although the accuracy of the mcdel is
ccmpromised by the assumptions, the reader should keep in mind
that the object of the assumptions was to allow a quick
assessment of potential GPR performance in a given environmen-z.
Note that the radar range equation model that is used assumes =2
nomogeneous soil and neglects the effects of clutter. iso,
the assumptions are made that the GPR antenna system is
monostatic and the antenna (and its phase center) is in conztac-
with the ground surface.

oy
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The Xey element in the radar range equation model is the
specification of the antenna parameters. GAR selected a T
horn antenna for this application. This particular antenna :Is
used by GAR for its RODAR™ ground-penetrating radar systemn.
The antenna was coriginally developed by R. Wohlers at Calspan,
and its radiation characteristics in air are well documented?®.
The antenna has many of the desirable properties that a pulse

GPR system requires._  I% has a low voltage standing wave ra<i
(7SWR); 1t is extremely broadband; it has good group de.ay
zroperties; and 1t nas lcw pulse sire*xch.

The antenna gain, in air, was measured for one of zhe
Calspan TEM antennas and is given approximately by°:

G = 4r (L¥YA?) sin 8, (4.5)
~nere L is the antenna length, 0  is equal to the angle vetweer
the *wo antenna plates divided By two, and A s the wavelsnz-n




of the RF energy. The antenna under consideration had a
length, L, of one meter and an angle between the plates of 11.56
degrees. The effective aperture of the antenna was measur=d Iin
air® and a plot of the measured effective aperture vs.

frequency is shown 1in Figure 4.1.

The performance of the antenna in contact with the soil is
different than its performance in air. Specifically, its gain
and effective aperture increase somewhat when the antenna
contacts the ground due to the larger dielectric constant of

2

tne soil. Also, the soll interface is in the near-field regicn
o7 the antenna. Thus, 1%t is difficult to evaluate the
transmitted power density at the soil interface. For this

eason, the parameters of the antenna measured in air, rather
han those measured in the ground-contacting mode, are used in
e radar range equation model.

ct ot
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The soil parameters selected for this example were
obtained from a red clay soil found near the GAR facility in
Marietta, Gecrgia. It was assumed that the clay had a moisture
content of 29 percent by dfy weight. The soil data are
presented in Appendix A.

The RF frequency range for the example was chosen to be
from 1900 megahertz (MHz) to 300 MHz. This bandwidth is
equivalent to about a five-nanosecond pulse width in the time-
domain. The radar range equation was evaluated at 100 MHz, 299
MHz, and 300 MHz.

The subsurface target was selected to be a 12-inch
iameter metal pipe buried at a depth of three meters (measurecd
rom the surface *tc the top of the pipe). The pipe was
considered to be infinitely long. Its radar cross section was
assumed to be described by the NBS model for a cylinder in the
Z=eometric optics regidn.

[ BN

Zquation (4.6) below is *the modifizd MN3S radar ranse
egquation that was used for the GAR evaluation. The equation
expresses tne ratio of received power to transmitted power as
function of the soll parameters, antenna parameters, and targe:
parameters.

W

1 o

S/P = G, A e ' (1.6)
JTRe JrR? i
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where, A, = (Af G,)/4m is the effective receiving aperture of
the antenna, and the factors C, and D in Equation (4.1) have

been neglected.

Table 4.1 summarizes the soil, antenna, and pipe
parameters used in Equation (4.6) for the frequencies of 100
MHz, 200 MHz, and 300 MHz. The results obtained from Equation
(4.6) for the S/P ratios reflect tremendous signal attenuation,
extending from -142 dB at 100 MHz to -162 dB at 300 MHz.

We feel, however, that these calculations are somewhat
pessimistic because the performance of the antenna near the
soil interface is unknown, but is likely better than that
assumed .n the calculations. Thus, a more exact analytical
approximation of the received target signal power would
probably yield a more optimistic answer for the received power
level. However, the results obtained based on our
approximations lend insight into the performance requirements
that must be imposed on a successful GPR system.
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TABLE 4.1. RESULTS OF NUMERICAL ESTIMATION OF PIPE TARGET
DETECTION FOR FREQUENCIES OF 100 MHZ,
200 MHZ, AND 300 MHZ.

caramezar

a (Nepers)

=

w (radians/s)

S/P

S/P (dB)

2.426

6.28x128

6.82x1971°

-142

33

FREQUENCY (MHz)

222 222
1.44 1.4z
Q.01 2.921
2.058 2.122
1.50 1.7%
0.458 0.438
1.26x10° 1.88x127

-153 -162




SECTION 5

DESIGN OF THE SCALE-MODEL TEST TANK

A soil test tank was required to test the various GPR

signal source types. The test tank was designed to contain
various pipe targets, metal plate targets, and electromagnetic
field probes in order to test candidate GPR systems. The GPR

system requirements provided by NCEL included the specificazicn
0 detect and resolve plastic and metal pipes buried at dep:ih
of up to 29 feet. Care was taken to ensure that the diesleczric
medium in the test tank was homogeneocus to obtain repeatable
measurements and reduce the effects of random external clutter.

GAR decided to evaluate the GPR sources using a higher-
frequency scale model than the operating frequency of a full-
scale GPR. Such a scale model 1s much easier to use while
making laboratory measurements than is a full-scale system
because of 1ts reduced size. However, the scale model provides
measurement results that apply directly to the full-scale
system.

5.1 DESCRIPTION OF THE GPR SCALE-MODEL CHARACTERISTICS

To create a high-frequency scale model for a GPR, the
radar envircnment, as well as the radar system parameters, musc:
ce adjusted. All spatial dimensions are reduced by the scaling
factor, resulting in a much smaller testing environment and a
radar system that is more manageable. The target dimensions
and burial depths are also reduced by the scale factor.

Several types of scale models are outlined in Antennas

in
Matter by King and Smith’'. The one selected by GAR permits <the
use of the same relative dielectric constants in the model *thats
are found in the full-scale envirconment. This means that air

can be used as a dielectric 1in the model. Otherwise, 1f the
dielectric constants were scaled, air could not be used in the
model environment, since its dielectric constant would have <*o
ce scaled. The dielectric parameter that is scaled in the GCAR
model Is the soil conductivity, and hence, its attenuation.
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For example, assume that a full-scale GPR system is to te
modeled using a scale factor of 5. Let the RF bandwidth of the
full-scale GPR extend from 190 MHz to 300 MH=z. Furthermore,
assume that the full-scale soill parameters include a relative
dielectric constant of 16 and an attenuation characteristic c¢?f
19 dB/m. The scale-model RF bandwidth would then extend from
500 MHz to 1500 MHz. The model-soil dielectric constant would
remain at 16, but its attenuation characteristic would increass
to 50 dB per meter.

GAR chose the scale-model soil tank dimensions

ee: wide 7y eight feet long by four feet nigh. Th:
corresponds to full scale dimensions of 30 feet by 4
209 feet. The targets were appropriately placed in the model
soil to avoid boundary effects. They were also placed in su
a manner as to avoid any interference with each other.

1y

The scale factor selected for the model was five. Thi
scale factor allowed GAR to use its one-nanosecond monocycl
short-pulse radar to model a full-scale GPR system with a five-
nancsecond pulse. A five-nanosecond pulse is of the duraticn
that might be used for a GPR system designed for deep
penetration and medium resolution.

GAR investigated two approaches to building a scale-model
environment. One approach used a soil that had the required
parameters of the model dielectric. The second approach used =
liquid dielectric. The liquid dielectric used an emulsion of
cil, water, and salt to achieve the required properties cf the
model dielectric. ©Dr. Glenn Smith of the Georgia Instituze
Technology has previously investigated and used such liguid
dielectrics as soil models.

ct
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5.2 THE LIQUID-DIELECTRIC SOIL MODEL

The liquid-dislectric model nad three key advantages ovar
a soil dielectric. First, the liquid tank has the potential c:
being more nomogeneous than a soil dielectric. Second, <the
targets and their pcsitions can be easily changed. Third, <the
effects of the liquid tank boundaries can be easily eliminatecd
in any target measurements after a "baseline" measurement is
made of a target-free tank. In general, eliminating the
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poundary effects in a soil dielec. _. tank is not possitle
because the removal and insertion of the targets would disturd
the soil, which ccould never bte replaced in exactly the same
configuration. Furthermore, a controlled clutter environment
could easily be placed in the ligquid-dielectric tank to examine
the effects of external clutter on the GPR systems.

The emulsion created for use in the liquid tank could be
de to model selected soil dislectrics. Dr. Smith uses a
high~grade, light mineral oil, water, and salt as the emulsion

gredients. He has investigz=*ed many different combinations
¢l emulsion ingredients and their ratios. The dielectric
oroperties of these emulsions were measured and used to creaze
sets of curves that allow the specification of a particular
emulsion mix ratio to achieve a given liquid dielectric
constant and loss characteristic.

The primary drawback in using a liquid tank with a large
vclume was the need to mix and maintain a homogeneous emulsion
of the liquid dielectric. A tank with dimensions of six fee
oy eight feet by four feet holds over 1400 gallons of liquid.
To correctly mix and maintain the emulsion, a shearing gear
pump would be required that must operate at a high flow rate.
The emulsion must be circulated very quickly during mixing to
ensure a homogeneous mix. Furthermore, the emulsion must te
re-circulated and mixed prior to each measurement to ensure i<s
ncmogeneity and the accuracy of its dielectric properties.

At the time the GAR model-soil parameters were specified,

Or. Smith had not built a liquid-dielectric tank of such 1
dimensions. The cost and logistics of fabricating a large
tank, purchasing the necessary pumps, and constructing a
working model tank appeared to be quite formidable. In
addition, there was a significant technical risk in making a
large tank work properly as a model. GAR felt that the
“echnical risks and the costs associated with the liquid *ank

ecluded 1tTs use 1n <he measurement prngram. GAR elected 10O
construct a soll tank instead.

args
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5.3 THE SOIL-DIELECTRIC MODEL

A model tank containing soil is much easier and less
costly to construct and maintain than a corresponding liguid
tank. However, any chenge in target placement once objects ars
buried is much more difrficult with the soil tank. In additicn.
the effects of any inhomogeneities and of the tank boundaries
are difficult to characterize and their effects on the targe
measurement are very difficult to remove.

In order <%c build the soil tank, GAR had to locate a
scurce of nomogeneous soil with electromagnetic propertiises
suitable for use as a model scil. Thu a local brick
manufacturer was contacted «ad arrange ments were made to tes<

the properties of the clay soiis uhat they used for the bricks.
The brick manufacturer used two types of clays in the bricks,
which were identified as a clay shale and a clay schist.
Appendix B contains the measured characteristics of these
clays. The GPR source evaluation and measurement program
required the use of at least two soil dielectrics. This
allowed evaluation ¢f the performances of the GPR systems wizn
different scil types. Therefore, the two clays from the brick
manufacturer would satisfy this requirement.

The properties of the clay shale approximated those of
actual clay with 20 percent moilisture as given in Appendix A.
The shale had an attenuation characteristic of 50 dB/m at !
GHz. This attenuation scaled to 19 dB/m at 200 MHz. The
schist had an attenuation characteristic of 33 dB/m at 1 GHz,
which scaled to 6.8 dB/m at 220 MH=z.

GAR decided to use the clay shale as the first scil in =
scil-model tank. Sixteen targets were buried in a six-fcot b
eight-foot by four-~foot high soil test tank. Thirteen pipes
ith diameters ranging from 9.88 inch to 6.63 inches were used.
The pipe diameters increased witn durial depth. Zach pipe
target was two-feet seven-inches lcocng. For sach metal pipe
there was a corresponding PYC plastic pipe of similar diameter.
The one exception was the 6.63 inch diameter metal pipe that
was five-feet six-inches long and buried at a three-foot depth.

No plastic pipe of a comparable size was buried in the mcdel
tank.
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Figures 5.1 and 5.2 are sketches of a top view and a side
view, respectively, of the soil-model tank. The sketches show
the locations of the pipe targets. In general, one side of the
tank was reserved for metal pipes and the other was reserved
for plastic pipes. The exception to this was the 6.63 inch
diameter pipe which extended across the entire tank. In
addition to the 13 pipes, three metal plate targets orf various
sizes and burial depths were also included in the tank. Each
of these plates had a half-locop H-field probe mounted on it.
The probes had a 2.25% inch radius and used the plates as an
image plane. The probes were included as sensors to detect any
energy reaching them. The reader should note that energy
r2aching the loop probes was only subjected to one-way
attenuation through the soil.

The targets in the soil tank were arranged to minimize
potential electromagnetic interference between each other and
the tank boundaries. The pipe diameters and burial depths were
largest at the center of the tank. The shallow, smaller pipes
were located at the tank edgss.

During construction, care was taken to maintain soil
nomcgeneity in the tank. This was accomplished by tamping the
clay every six inches as the tank was filled. The tank was
covered with a thin sheet of polyethylene plastic to minimize
the evaporation of moisture from the model soil. If the
moisture had evaporated from the soil tank, the electromagnezic
scil properties would have been altered.

After the measurements were performed with the clay shale,
the shale was removed and replaced with the clay schist.
Target and probe locations were the same as they were with the
clay-shale tank.
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SECTION 6

DESCRIPTION OF THE GPR SYSTEMS TESTED

GAR tested four GPR systems representing time-domain and

frequency-domain technologies. Two of the systems used short-
pulse, time-domain techniques; and the other two systems used
frequency-modulation techniques. The basic operations of the

w0 time-domain radar systems were guite similar, and thne
operations c¢f the two frequency-domain radars were also very
similar. However, the time-domain radar systems functiocned
quite differently in concept from the frequency-domain radars.

One of the time-domain radar systems tested was built by
GAR for the RODAR™™ highway-surveying short-pulse radar system,
and the other was a Geophysical Survey Systems, Inc. (GSSI)
short-pulse radar. Both FM systems were based on the H? 85772
microwave network analyzer. The radar systems used for the
tests are described below.

Comparisons between the FM systems and the GAR short-pulss
radar were made using antennas built by GAR specifically for
this testing program. However, due to the use of an integratecd
transmitter, receiver, and antenna assembly in the GSSI system.
this unit could not be used with the GAR-built antennas.
Therefore, it was not possible to make direct comparisons
cetween the GSSI radar and the others.

6.1 THE GAR SHORT-PULSE RADAR SYSTEM

The GAR short-pulse radar system used for the testing
program included a transmitter pulser, equivalent-time samplin:
q I 2
recelver, antenna, oscilloscope display, and chart recorder

display. A blocx diagram of the GAR short~pulse radar is shcw
in Figure 6.1 and the system specifications are given in Tabls
6.1.

The radar uses a 1% MHz timing reference, from which all
other timing signals are derived. These timing signals are
developed on tne radar timing board. The 15 MHz reference is
divided down tc a S MEz pulse repetition frequency (PRF) and =
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TABLE 6.1. GAR SHORT-PULSE RADAR SYSTEM SPECIFICATIONS.

Transmitter

Pulse shape Sine monocycle

Pulse repetition frequency (PRF) 5 MHz

Puise width 1 nanosecond

Pulse amplitude 29 v peak-to-veax

Pulse peak power 8 watts

Pulse average power 49 mw (+16 dBm)

Sampler

Type Single diode gate,
5@ ohm terminated

Sample strobe width 4929 picoseconds

Receiver

Type Equivalent-time
sampling

frequency division ratio 500,000

Scan repetition frequency 50 Hz

Real-time receiver window width 36 nanoseconds

Minimum discernible signal 2 mV, terminated i=n
5@ ohms

Dynamic range 60 dB
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5@ Hz scan fregquency. The timing board generates a 50 Hz scan
ramp that is used in the receiver, along with the 5 MHz PRF
signal, to generate its swWweeping sampler trigger signal.

The GAR short-pulse radar uses a transmitter that
generates a one-nanosecond pulse shaped as a single cycle of a
sine wave. The transmitter operates at a PRF of 5 MHz and
rroduces a power output of 8 watts peak and 40 milliwat<ts
average. When specified in decibels referenced to a milliwat?
(d3m), the power cutput is +39 dBm peak and +16 d3Bm average.
The pulse has arrroexXximately a 20 volt amplitude into a 52 cnm
icad. The transmitter output waveform and frequency specirun
are shown in Figure 6.2.

The receiver is an equivalent-time sampling type that
Zenerates a low-frequency replica of the received RF waveforn.
An equivalent~-time sampler does not sample a signal at the <rus
Nyquist frequency, where the Nyquist frequency is defined =zs
the minimum sampling frequency required to sample a wavefcorm
without aliasing. This frequency is equal to twice the highes:
frequency present in the waveform. Clearly, since the GAR
short-pulse radar generates a one~nanosecond pulse, the true
Nyquist frequency is in the GHz region.

The sampling receiver implements a 500,000:1 fregquency
division ratio. The receiver output waveform occurs at a 50 Hz
scan rate, or a 22 millisecond scan period. However, the
actual sampled waveform duration is only 18 millisecconds, due
to a 2 millisecond reset time for the receiver. The real-time
window 1s set to 36 nanoseconds. Thus, a one-nanosecond pulse
is converted to a 599 microsecond pulse by the equivalent-time
receiver.

The equivalent-tipé sampling technique avoids the problems

associated with an extremely high real-time sampling frequency
57 utilizing frequency division. The only reguirement is thasz
~“ne sampled waveform be repetitive. For a short-pulse radar,

s is equivalent to requiring that the received radar signal
Ce stationary in time over a receiver scan period.

The sampler taxkes one sample during each period of the PRF,
delaying it slightly each time relative to the previous one.
zach successive sample modulates the charge on a sampling

storage capacitor. The GAR short-pulse waveform is sampied
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Figure 6.2: GAR short-pulse radar transmitter (a) output
waveform and (b) its frequency spectrum.
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once every period of the 5 MHz PRF for 18 milliseconds. Sinc
50,200 periods of the PRF exist in the 18 millisecond sampled
waveform window, 90,000 samples are required to replicate a 36
nanosecond real-time window. The equivalent sample spacing of
the receiver iIs approximately:

36 ns/90,000 = 0.4 picosecond, (6.1)

ich easily meets the Nyquist criterion.

o)
o3

X,

The receiver RI sampler is a 50 ohm terminated, ingle-
diode-gate sampler using a Schottky sampling diode. The sampie
strobe is nominally a 190 volt, 400 picosecond pulse. The
maximum input level that the sampler can handle is 4 volts
peak-to-peak. There is approximately a 6 dB conversion 1loss
through the sampler. The minimum discernible signal at the

sampler output is 2 millivolts. Therefore, the sampler dynamic
range is 69 d43.

6.2 THE GSSI SHORT-PULSE RADAR SYSTEM

The GSSI short-pulse radar used for the tests with the
soil-model test tank operates in a similar fashion as the GAR
short-pulse radar. However, the specifications, timing
functions, and cperating modes for the GSSI radar system are
not as well known by GAR personnel as those for the GAR shor<t-
pulse radar. During tests, the radar was coperated with minimum
use of 1ts signal processing functions in order to maxe
cbjective cocmparisons with the other GPR systems.

The GSSI radar uses a one-nanosecond transmitter pulse and
an equivalent-time receiver. The transmitter pulser generates
a balanced, one-nanosecond, unipolar 1mpulse. Tt operates at a
sys*tem ?PRF 2f approximately S92 kHz. Its peak power output is
ungnown, but 1s comparable to the GAR monocycle transmitter
cower output. Its average power oQutput., however, is less *
the GAR transmitter because it cperates at a PRF that is 1922
times lower.

The GSSI receiver 13 a balanced diode-bridge sampler thz=
ates in an eqguivalent-+time mode. It has an adjustable
-%ime windcw and an adjustavle ourtput waveform scan rase.
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The radar was adjusted for the tests to operate with a scan
equency of 51.2 Hz (a 19.5 millisecond period). The
egquivalent-time frequency division ratio was adjusted to
220,900:1 to match tne GAR system. The GSSI receiver has a
reset time of atout 400 microseconds. Therefore, the real-=-im-
window is 39 nanoseconds long. Based on a 5@ kHz PRF, 977
samples are used to generate the replica waveform. This
translates into a 40 picosecond equivalent-time sample spac

u,

signals are sent to the *tr

sampllng receiver througih a cable. The sampler output wave
is sent by cable to the control unit for further processin
The receiver output waveform can be displayed on an
oscilloscope and a strip chart recorder.

The transmitter and sampler are housed with their

respective antennas in an integrated transducer enclosure. Tn=
radar operates in a bistatic mode using triangular-sheet tow-
ti2 antennas. The exact constructicn of the receiver,
transmitter, and antennas is not known because it is not
possible to gain access to any of the components in the
transducer.

6.3 THE FREQUENCY-DOMAIN GPR SYSTEMS USING THE HP 8510 NETWORK

ANALYZER

This secticon gives an overview cof the Hewlett-Packard &% 0
naetwork analyzer system and describes its appllcatlon to tne
GPR signal source testing program. An explanation of all c?
tne functicns and capabilities of the HP 85192 is beyond the
score of this document. However, Appendix C contains an
excerpt freom the HP 85712 manual and provides a zood
in=roducticn and sys+%em overview, Aprendix C also contains =z
simplified Tlock dilagram of the network analyzer systenm. The
rresent section only addresses those functions of the HP &5°2
~hat are directly applicable to the GPR measuremen:t prcgram

The HP 8%10 was used in two modes for the GPR
mneasurements The first was a swept-frequency mcde tha: us=24d
synthesized sweeper 1n 1%s linear frequency sweeping mcds =2
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generate the increasing-frequency sweep of RF signal
frequencies required for the measurements. This mode
represented a simulation of a swept FM-CW GPR system. The
second mode of operation for the HP 8510 simulated a stepped-zll
GPR by using a stepped-frequency signal source.

Section 6.3.1 below explains some of the common
capabilities of the HP 8519 that were used in both the FM-CW
and stepped-FM system tests. Section 6.3.1.3 descrites *n
differences between the swept and stepped operating mcdes cf
~ne 4P 8%132.

6.3.1 HP 8510 NETWORK ANALYZER CAPABILITIES

The Hewlett-Packard 85190 network analyzer is a precis
instrument used for making RF and microwave measurements o
two-port networks. The 8510 measurement system includes =
following four subsystems: a frequency source, a test set
signal detector and analcg-to-digital converter, and a
microprocessor and display. The HP 8512 system configuraticn
used by GAR for this program included an HP 8341A synthesized
sweeper, an HP 8513A transmission test set, an HP 85102A ITF
detector, and an HP 85121A display processor. This HP 8510
configuration allows measurements to be made over the frequencr
range from 45 MHz to 29 GHz.

6.3.1.1 SCATTERING PARAMETER MEASUREMENTS WITH THE HP 8510

The HP 8510 is designed to make vector (signal amplitude
and phase) sca*ttering parameter (S-parameter) measurements cf =z
two-port electirical network. Measurements of devices at RF an.
microwave frequencies primarily use S-parameters because S-
zarameters are well-suited tc describing the performance c?
transmissicn line-based circuits and systems. The S-paramete

re quite useful for characterizing networks at RF and
microwave frequencies because they are directly related
amount of power reflected at the test network ports and
amount of power transmitted through the device. The deri
and advanced applications of S-parameters are described
“exts treating the subject of RF and microwave application
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The S-parameters are often normalized to impedances of 52
ohms. This implies that the network has an input impedance and
output impedance of 50 chms. Thus, any connecting transmissicn
lines and test cables should have 5@ ohm characteristic
impedances as well. GPR test equipment configurations
including the HP 8510 used 50 ohm coaxial cables to connect tne
antennas to the test set ports. Alsc, the antennas have
ncminal input impedances of 50 ohms.

The two-port network measurements using S-parameters are
sub-divided into those related to transmission through the
network (forward and reverse), and those related to reflections
at the two network ports. Transmission measurements include
insertion loss or gain, transmission coefficient, electrical
delay, and group delay. Reflection measurements include return
loss, voltage standing wave ratio (VSWR), reflection
coefficient, and impedance.

The measurement quantities of primary interest in this
testing program are the reflection ccefficient, S,,, and the
transmission coefficient, S,;. If 50 ohm impedance
normalization 1is used, S,, is the ratio of the reflected
voltage to the incident voltage at port one of the two-por<
network under test. The measurement of S,; requires that port
two of the network be properly terminated while port one is
teing driven by a signal source with a 50 ohm driving

impedance. S,; is the ratio of the voltage measured at port
two of the network to the incident voltage at port one, with
port one veing driven by the signal source. The 50 ohm

termination and driving impedance requirements apply to the S
measurement as well.

18]

If an antenna is connected to port one of the HP 8513aA
t set, the parameter S,, represents a measurement of the
g7 reflected by the antenna itself and any targets thaz
ect radiated energy back to the antenna. This

Hy =

[

cniiguration represents both a one-port network and a
monostatic radar system.

TS

I an antenna i{s also connected to port two of the test
set, tne parameter Sm represents the energy received at port
two through the two-antenna network. The energy received at
gort two includes reflections from targets irradiated by the
oort one antenna. This configuration represents a two-port
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network and a bistatic radar system. The measurements
conducted with the soil-model tank were performed witnh a
bistatic arrangement, measuring the S,, parameter.

When S,, and S,, measuremenits are made with the networx
analyzer, the RF frequency range of interest must be specified.
wWwhether in a ramp mode or a stepped mode, the network analyze:
adjusts the frequency of its signal source and makes S-

parameter measurements at a number of individual frequencies
zhroughout the specified bandwidth. The number of freguenciss
is seiectabie, with the available choices being 5', "21, 237,
and 421. The effects of choosing a particular numter cf

measurement frequencies are discussed later.

Once the frequency range, the number of frequency points,
and the ramp or stepped mode are selected, the network analyzes:-
requires czalibration. Calitrating the network analyzer reduce:
measurement errors. The vector calibration identifies the
measurement reference planes at the two network ports and
corrects for any losses or phase aberrations up to the

reference planes. Thus, the calibration procedure can te used
to establish the reference planes for a S,; measurement at ine
ends of the antenna cables. The HP 8510 then corrects for any

cable loss and phase effects.

The network analyzer calibration procedure requires
measurements of known terminations at the reference planes
tefore the test network is inserted for measurements. The
standard terminations include a shielded open circuit, a shor-=
circuilt, and a 5@ ohm load (a 52 ohm sliding load *terminazic
13 required if precise, high-frequency measurements are =
made). Cnce the standard terminations are measured and <
network analyzer computes i1its vector correction factors, a

subsequent measurements automatically apply the correcticn
factors to the datasw The HP 8510 uses an elaborate S-parame
error model to compute the correction factors, the details ¢
which are teyond tne scope of this document. However, the =
8519 manual contains a compleze description of the vector
error-correctionrn model.

51




6.3.1.2 HP 8510 TIME-DOMAIN MEASUREMENT MODE

The HP 8510 can display the results of its measurements in
the frequency-domain or the time-domain. However, all of 1%
measurements are made in the frequency-domain. The HP 8512
a time-domain bandpass mcde of operation that synthesizes an
impulse function with a pulse width irnversely proportional o
the RF bandwidth specified for the measurement. A type of
digital Fourier transform known as the Chirp-Z transform :s
used to transform measursments of S., and S,. Ircm a Ireguency-
dcmain represenztation to a time-domazain representation
Appendix D contains excerpts {from the HP 89512 manual explaining
<tnhe time-dcomain synthesis mode of operation.

ts
nas

6.3.1.2.1 TIME-DOMAIN PULSE SYNTHESIS WITH WEIGHTING FUNCTIONS

Cnce an RF bandwidth is selected for measurements, and the
time~dcocmain synthesis mode is selected, fregquency-domain
~weighting functions are applied to adjust the sidelcbe leve
cf the synthesized impulse. Three selectable weighting
functions are provided which give maximum sidelobe levels cf -
13 dB, -43 dB, and -9@ dB below the pulse main lobe. These

}.J
7]

welghting functions are identified as "minimum," '"normal," and
"maximum," respectively. For a given bandwidth, the cos+%t of
increased sidelobe suppression is an increased pulse width for

the synthesized pulse.

Figures 6.1 through 6.6 are magnitude plots of ocne-
nanosecond synthesized pulses generated Bty the network analyzer
using the three frequency-domain weighting functicns, cr
windows. The pulse in Figure 6.4 uses the minimum window witn
a 45 MHz to 1.2 GHz bandwidth; the pulse in Figure 6.5 uses
normal window with a 45 MHz to 2.0 GHz bandwidth; and the pu
in Figure 6.6 uses the maximum window with a 45 MHz to 2.8 G
zandwidth. All of the plots use a one-nanoseccnd per di-

ivision
acrizontal scale and the pulse magnitude is normalized %o cne
unit, with a linear vertical scale. Note that more RF

Sandwidtn is required t> maintain a given pulse width with
suppressed sidelobes.

All networx analyzer measursments performed with the soil-
mcdel test tandL used a one-nanosecond pulse having a &5 MHz
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Figure 6.4:
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BHP8510 plot of the magnitude of a 1lns pulse
synthesized using the minimum weighting function

and a 45MHz-1.2GHz bandwidth.
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2.9 GHz bandwidth, and a normal window. The one-nanosecond
pulse width was selected to permit a more accurate compariscn
of the network analyzer system performance with the performance
obtained with the pulsed GPR systems. In addition, GAR fel+x
that the bandwidth required for the maximum window was too
Zgreat, and the bow-tie antennas used for the tests could nct
support the extended bandwidth. Also, the soil attenuation
properties would cause greater attenuation of the higher
frequencies, thus widening the pulse.

6.3.1.2.2 EFFECT OF THE NUMBER OF FREQUENCY MEASUREMENT POINTS
SELECTED

As indicated earlier, the HP 8510 network analyzer
performs 1its measurements at a finite number of points over <the
bandwidth specified by the user. The number of points is
selectable from 51, 121, 201, and 4©1. When the network
analyzer is operated in the time-domain bandpass mode, i
Zenerates the same number of measurement points as speci
the user during the HP 8519 calibration in the frequenc
domain.

G b

The number of measurement pcecints and the bandwidth
selected determine the unambiguocus range in the time-domain
mode. The unambiguous range is the maximum range time for
which the time-domain waveform will not repeat. This is
analogous to the reciprocal of the PRF for a time-dcmain pulse
radar system. The unambigucus range for the network analyzer
1s equal to the reciprocal of the frequency spacing. For
example, if 2921 points are selected, and a frequency range o
45 MHz to 2.2 GHz is specified, the unambiguous range is (22
1)/(2.2 GHz-45 MHz) = 122.3 nanoseconds, which corresponds t
slightly more than 25 feet in soil with a dielectric constan
cf 16.

The selection of the number of measurement points alsc
determines the range measurement accuracy of the network
analyzer. or the GPR measurements, the range window was
selected to be 36 nanoseconds long and the number of
measurement points was selected to be 221. Using these
Gquantities as an exXample, the range measurement accuracy is

-
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iven by 36 ns/(291-1) = 180 picocseconds, which correspcnds =3
about 9

.5 inch in soil with a dielectric constant of 16.

Another important factor affected by the selection of =nhe
number of measurement points 1s the tTime required to compieze =
measurement over tae specified bandwidth. Increasing the
number of measurement points requires an increase in the
measurement time. Therefore, doubling the number of points
from 227 to 401 will require zpproximately twice the time =to
complete the measurement.

6.3.1.3 DIFFERENCES BETWEEN THE HP 8510 SWEPT-FREQUENCY AND
STEPPED-FREQUENCY MEASUREMENT MODES

The HP 8510 network analyzer can perform its measuremen<s
over a specified frequency band by stepping its frequency
scurce 1in discrete frequency steps, or by sweeping its source
centinuously. Stepping the source provides the highes:
measurement accuracy zand dynamic range. In the stepped modse,
the HP 8341A synthesizer is stepped ard phase-locked to each
measurement frequency. This reduces -n2 phase noise effects
and the frequency inaccuracies that appgear in the swept mode.

When the swept mode is used, the synthesizer is locked =<c¢
the start frequency and swept linearly to the stop frequency.
However, the synthesizer 1is not locked to any other frequency
besides the start frequency. The network analyzer in effect
assumes that the synthesizer will te at certain frequency
points at certain times during its sweep. It has no way %o
determine the exact frequency of the synthesizer. Thus,
inaccuracies in determining the exact frequency of the
synthesizer wi1ill exist as it is swept across the specified
tandwidth. The primary advantage to the swept-frequency
measurement moce is i<%s speed. In the swept mode, the networi
ana.yzer prcduces a measursmen< on the order of 120 times

-
~

o . . )

Jaster tTnan 1n tThe sterpred mcde.
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6.3.2 SUMMARY OF NETWORK ANALYZER CONFIGURATIONS AND
SPECIFICATIONS FOR SOIL-MODEL TANK MEASUREMENTS

All measurements performed with the network analyzer on
the soil-model test tank used the HP 8510 time-domain bandpass
mode. The time-dcocmain range window for the shale clay
measurements was set to 36 nanoseconds in duration. It was
changed to 492 nanoseconds for the clay-schist measurements
because the schist had a higher reiative dielectric constant
<han the shale. The frequency range of 45 MHz to 2.2 GHz wiztn
221 points was selected. A normal weighting function was used
<0 synthesize a one-nanosecond pulse wiith maximum sidelote
levels of -43 dB.

The sweep time was set for 100 milliseconds. In the swep:
measurement mode, the 45 MHz to 2 GHz sweep takes place in 129
milliseconds. However, in the stepped measurement mode, a
measurement takes approximately 100 times longer, or 12
seccnds.

The measuremen<ts utilized a bistatic antenna
configuration. Hence, the S,; scattering parameter was of
primary interest. Recall that S,, measures the insertion loss
of a two port network, which is essentially what a bistatic GPR
does when it radiates energy from one antenna and receives
energy at another.

The HP 85190 RF output power was set to +10 d4Bm (9.1 wa<tt)
average for all frequencies over the measurement range. A
this power lsvel, tne neitwork analyzer had approximately a
d3 dynamic range. However, the full dynamic range capabil
cf the network analyzer were not utilized. This was because
the surface return signal from the S,, measurements with the
GPR antennas was about 40 dB below the calibration signal
level. Thus, the usable dynamic range was reduced by 43 d3.

5
-

The dynamic range might be improved a*t the expense of
calioraticon accuracy by inserting a low-noise amplifier at pors
two (the receiver port) of the HP 8513A transmission test sex.
Tnforsunately, calibrating the analyzer with the amplifier
would require adding an attenuator in front of the amplifisr
luring calibration o avoid overioading the por+t two input.

The attenuator wou.d then be removed during actual
Teasurements. However, the vector calibration would then kbe
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inaccurate. It was decided not to use an amplifier at <the
receiver port to maintain the accuracy of the calibrazticn.

The network analyzer has the capavility of performing
trace averaging. Averaging traces reduces the nolise effec<ts,
and hence increases the measurement dynamic range. The
measurement time in the swept mode increases linearly with <=

number of averages, but in the stepped mode, at least 5320

ig

averages are required to lengthen the measurement time. It W=
decided no*t to utilize the averaging capabilities of <he =P
212 bDecause =he pulsed GPR sys=tems %tested 4did nct have
averaging as a tulls~in feaxture. Utilizing averaging Jcor zonlr
tne frequency-domain GPR systems would not alliow an otlective

ccmparison between all of the tested radars.

6.4 ANTENNAS USED FOR THE GPR SOIL-MODEL TESTS

Two types of antennas were designed and built for te
the GPR systems. One type was a TEM horn similar *to *:
used with the GAR RCDAR™ highway-survey GPR. The other was a
triangular-sheet (bow-tie) dipole. Each of these antennas
offered advantages over *he other. Tests were performed wizh
the two types of antennas to decide which type gave the best
overall performance.

6.4.1 TEM HORN ANTENNA

make it useful for GPR applications. It has broad ploley
iow dispersion, and a low reflection coefficient. Such facs
make 1t ideal for short-pulse radars, which require low pu
stretch and high bandwidth. Some of the consideraticn
ing <%he desigﬁ of a TZM antenna for GPR applicaticns ars
cutiined in Section 3.3.73.

7]

GAR spent considerabls time constructing a pa
norns for use in the tests. We used a design s
RCDAR™ antennas, except that a wider aperture and a diffaren
shape for *“he antenn o lates were employe
dimensicns of the TEM antennas were selected °
<

< rne-nanoseccnd time-dcmain
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used with the test GPR systems. Furthermore, we decided

der to see 1f enhanced antenna clutter and reflection
=

rficient performance cou.d te achieved.

[

cr
Q

O

t e}

an alternative fabricatisn technigue for the test antennas
«

pY

Tach antenna was fabricated with two 38-inch lcng brass

foil plates that had varying width cross-sections alon
lengths. The foil plates were adjusted into a wedge shap
“he feed point at the narrow end. The foil plates were
~o two 9.7%-inch thick foam bcards and spaced with tne

~wedgze angzle by additicnal foam side panels. The plates fz2c=2:

2ach otner c¢cn the inside of the wedge. The intantlon was
nave only alr between the foil plates to minimize adverse
performance ancmalies that could result with other materi
tetween the plates.

a.s

"I fa ok

(o3

At the feed zoint, a coaxial connector made the transition

©2> the parallel plate strucsure c¢f the antenna. The tips of
tne antenna plates were attached to resistive cards *tnat
terminated the surface currents flowing on the piates. The
antenna feed point and tip were tuned to reduce time-doma:
reflections. This tuning procedure was a time-consuming tasd
requliring considerable patience.

The antennas were tested using both short-pulse time-
domain reflectometry and HP 8519 frequency-domain tests to
verify their performance. We found that the antennas nad
reflection waveform amplitudes that were about -38 dB dcwn fraom
tae incident pulse amplitude. Their effective radiaticn
candwidth extended from 259 MHz to 2.2 GHz. However, +ime
simizations did not allow formal and extensive antenna
caramecter and pattern tests to be performed.

6.4.2 TRIANGULAR-SHEET DIPOLE ANTENNA

The coplanar, triangular—shee: dipoi2 antenna 1s a simol=2
iesign =hat has veen used sxtensively in GPR applicat:ons. s
2Xhibdlts a moderately broadband response, and achieves 1t wizn
a simpie, ccmpact structure It does not, however, exhibit =ne
~1de pandwidth, low dispersion, or low reflection coerficiens
2f the TZM horn




These antennas are deployed with the two triangular shee=:
lying on the surface of the ground. If the antenna is
electrostatically shielded on the back side, most of the
radiated signal energy from the antenna couples into the
Zround. The close coupling of the dipole to the ground gives
it a tremendous advantage over the TEM horn.

The length of the dipole arms is directly relate
radiaticn bandwidth ¢f the antenna. Long triangular
radiate lower Irequency RF energy than shor* =*riangular si

bl

n A
ot
@ O
ct
n
4]

Typically, esach antenna arm must e at least 1/4 waveleng=n
lzng a%t the ilowest desired RF frequency in order o radiazs
preperly. ZFortunately, when the bow-tie anitenna 1is in :

i
contact with the ground, the dielectric constant of the so
acts to decrease the wavelength of the RF energy, and %thus
appears to make the antenna arms effectively longer. This
implies that for a given RF tandwidth, the GPR bow-tie antennz
dimensions can be reduced from the dimensions of an antenna
designed to radiate in air.

GAR designed one pair of bow-tie antennas for the R
tests. The antennas were designed to have a low-fr eque“cy
cutoff of approximately 2298 Mdz when operated over soil «
relative dielectric ccnstant of 16. The design parameters of
the antenna were extracted from a report published by 3Brown an
woodward?. The bow-tie was built frcom brass shim stock and
included a shield on the back to minimize clutter returns an
maxXimize the energy coupled into the ground.

A sketch of the bow-tie antenna is shcwn in Figurs 6.7 -

ccaxial cable feed is “oupled to the two antenna leaves tThrcucs
a 50-onm to 299-chm bvalun transformer. zach of the antenna
leaves has two 222-ohm resistors connecting the antcnna fcils
w0 the an<tenna snield. These resistcrs help to absorb the

D
w3
1]
]
)
[X]
ot

nat 1s not radiated or r=flected by the antenna.

v

6.4.3 QUALITATIVE COMPARISONS BETWEEN THE TEM HORN ANTENNAS
AND THE TRTANGULAPR-SHEET BOW-TIE ANTENNAS

Qualitative tests were used to compare the performances =
“ne TEM horns and “he bow-tile antsnnas in order to determine
~nlzZn tyTe cf antenna o use Snar the GPR scurce tests. Thea
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antennas were tested in the ground-penetration mocde cn the
soil-model tank using the responses from the buried targe=s ant
loop probes as the criteria of selection. No formal antenn

rattern, VSWR, or pulse tests were performed. The antennsas
were tested in the bistatic and monostatic modes with totz *the
GAR time-~domain GPR and the HP 8570 network analyzer-based

systems. The TEM horn antennas were tested in a ground-ccnztacs
mode and an air-coupled mode. Most of the expected performancs

characteristics of the antennas were verified during the tes<is.

The TZM nhorns =sxhibifted gocd bandwidih response and a 22w
lection coefficient in both the ground-contact

coupled modes. The target returns and probe signals showed
little pulse stretch. The response ¢f the bow-tie antennas
showed more pulse stretch and less bandwidth. The bcw-%ie
antennas had a higher reflection coefficient than did the TZIM
horn antennas. The bow-tie antennas also coupled more ernergy
into the grcocund than did the TEM horns. This was evidenced 7
nre higher target return signals.

An unexpected result led to the selection of the tcw-tie
antennas for the subsequent GPR tests. Specifically, the bow-
tie antennas had a signal-to-clutter ratio that was at least 1°C
d3 larger than that of the horns. This phenomenon was probabl:r
due to the better antenna-to-ground energy coupling of the tow-
tie antennas. In addition, the TEM horns radiate along their

entire 39-inch structure and thus are susceptible to above-
ground clutter.




SECTION 7

DESCRIPTION OF THE MEASUREMENTS USING THE CANDIDATE GPR SYSTEMS

The GPR measurement program was divided intoc three phases.
Phases 1 and 2 involved scale-model measurements with %the soil
~ank using two different clay dielectrics. Phase 3 ccnsisted
cf full-scale GPR measurements using the HP 8510 in a stepped-
freguency mode con an outdoor tTest field. The s+%epped-~-Ifrequency
stem was chosen exclusively for the Phase 3 measurements
cause 1t showed the best performance of the four scale-model
R systems tested.

7.1 DESCRIPTION OF THE PHASE 1 AND PHASE 2 SCALE-MODEL GPR
MEASUREMENTS USING THE SOIL-MODEL TANK

Phase 1 involved scil-model tank measurements using clay
shale as the model dielectric. The clay shale provided <the
.most demanding of the two scale-model testing environments.
This was because the shale had considerably higher loss
characteristics than the clay schist used in the Phase 2
measurements. Phase 1 and Phase 2 measurements were conducted
in a similar fashion. Figures 7.1 through 7.3 are photographs
of scme of the GPR equipment configurations used for the soil
tank measuremen=s.

Yhen the target measurements were made, the bistati
antenna systems were placed directly over each of the pipes.
The antennas were oriented in such a manner that the elec+tric
field polarization vector was parallel with the pipe axial
dimension to ensure maximum signal return. Recall that the
GSSI short-pulse radar required the use of its own antenna
system, sSo the steclally-consiructed test antennas could nce o=
ised with 1+, This should be taken into account when comparing
the results of the GSSI radar measurements with those from the

The ocutput data of each of the candidate GPR systems were

cresented 1in a time~dcocmain forma+t so that the resul:is coul

2asily te ccmrared. Photographs were taken of the GPR time-

dzmain displays. in the case of the HP 8%10-based freguency-
64




Figure 7.1;

BARS

Il

i

GAR ShOI‘
test.

t-pulse radar used for S$0il model tank

oy
i




GSSI short pulse radar used for soil model tank
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HP8510 frequency domain radar equipment for soil

Figure 7.3:
model tank tests.
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domain systems, plots were also made of the time-domain
displays for better visual clarity.

Care was taken to avoid any uncalibrated gain adjustments
with the GPR systems in order to maintain measurement accuracy
and repeatability. The target signals from both of the short-
pulse radars were measured at the receiver outputs. No gain
adjustments were possible in the receiver signal chain before
the measurement points with the short-pulse radars. The
network analyzer calibration procedure performed before each
measurement removed the possibility of any uncalibrated gain
adjustment errors in its display.

The performances of the GPR systems were not compared
based on absolute received signal power levels. Instead, the
primary performance criteria used for the GPR comparisons were
based on target detectability and the signal-to-clutter levels
of the target returns.

Strip-chart recordings were produced for the two short-
pulse radars as the antenna systems were pulled across the socil
tank. The strip-chart recordings were intended primarily as a
qualitative indication of the relative performances of the two
short-pulse radars. They were most useful when searching for
target return signals having signal-to-clutter ratios less than
6 dB.

A strip-chart recording provides additional information to
the GPR operator by displaying the radar scans on paper in a

sequential fashion. The radar output waveform is digitized and
converted to a grey-level format and printed on paper by a
stylus. The paper scrolls forward, and as each radar scan is

produced, the stylus scans across the scrolling paper in a
direction perpendicular to the scrolling direction, thereby
producing a line with modulated grey-level intensity. As more
and more scans are recorded on the paper, the strip-chart
recording presents a display that allows the observer to
visually "integrate" many scans to see the changing target
returns.

Unfortunately, the HP 8510 receiver waveform data was not
readily available for output to a strip-chart recorder. To
gincratic a strip-chart recording of the HP 8519 data, the
digitized display output would have to be exported to a
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computer, stored, and then output to the strip-chart recorder.
Time did not permit implementation of a strip-chart interface
for the HP 8510.

Simple signal-to-clutter measurements were performed with
each of these candidate GPR systems. The purpose of these
measurements was to evaluate the internal clutter level
generated in the GPR systems. However, this clutter level is a
function of the antennas and their deployment because any
impedance mismatches at the antenna cause reflections that
appear in the receiver range window. It was desirable to
include this form of clutter in the signal-to-clutter
measurement.

t was very difficult to structure an accurate test for
the signal-to-clutter measurement. The bow-tie antennas are
very sensitive to radiation impedance loading. They must be
placed on or near the surface of the ground to avoid producing
a response with excessive ringing. The excess ringing
contributes to the clutter present in the receiver output
waveform. Ideally, the antenna must be placed over a
dielectric medium that absorbs all of the energy radiated from
the antenna; thus, no signals from external targets and signals
will appear in the receiver waveform. '

GAR engineers were unable to lccate such an ideal medium.
The closest available approximation to this ideal absorbing
medium that could be used for the signal-to-clutter tests was
the clay shale in the Phase 1 test tank (the clay schist in the
Phase 2 tank did not have high enough attenuation). The shale
exhibited a very high attenuation characteristic. Although the
shale tank contained pipe targets, the GPR systems were
incapable of producing detectable signals from any of the
targets deeper than 27 inches. Therefore, the antenna system
was placed over the center of the tank, on the surface, where
the pipe targets were a maximum distance from the antennas.
Additionally, the antenna system was oriented so that it was
cross-polarized with respect to the pipe targets, thereby
minimizing potential target return signals. With this
configuration, we expected that any target signal returns would
fall below the GPR receiver internal clutter level.

The signal-to-clutter measurement required the
establishment of a reference signal level. The reference
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signal chosen was the return from a 19 inch by 24 inch metal
plate target located two inches below the antenna system. Air
was used as the dielectric between the antenna system and the
plate. The plate chosen as the reference target had large
enough dimensions that it intercepted almost all of the signal
radiated from the antenna. Thus, a larger plate would have
produced an insignificant difference in the plate return
amplitude.

The amplitude of the signal return from the plate was
measured and used as the reference for each of the GPR systems.
The signal return from the plate was within the dynamic range
of the GAR radar system sampler and the HP 8510 receiver so
that there was no risk of signal compression. However, the
exact compression point of the GSSI sampler was unknown.

The antenna systems were then placed over the center of

the soil tank in the cross-polarized orientation. The receiver
waveforms beyond the surface return were assumed to be
dominated by internal clutter signals. Therefoure, a

measurement was made of the signal level at a location
approximately 15 nanoseconds from the beginning of the receiver
range window. The largest signal present in a four nanosecond
region centered at the 15 nanosecond point was used as the
representative clutter level for the signal-to-clutter
measurement.

A signal-to-clutter ratio was computed for each GPR system
and expressed in decibels. This ratio was computed by dividing
the measured amplitude of the return from the metal plate bty
the measured clutter signal level.

The difficulty in making an accurate and objective signal-
to-clutter measurement that included the effects of the antenna
system was recognized. Therefore, the signal-to-clutter
measurement described above was used as a figure of merit and
was not intended to be used as a binding measure of the clutter
performance of the candidate GPR systems. Future investigation
may well reveal a better method of measuring the signal-to-
clutter ratio that would include the antenna systems and avoid
the use of a lossy dielectric as a matched load for the
antennas. Nonetheless, the signal-to-clutter ratios determined
under this program (as described above) were felt to be
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adequate in comparing the relative merits of the candidate GPR
systems.

7.2 FULL-SCALE GPR FIELD MEASUREMENTS

Once *he soil-model tank measurements of Phases 1 and 2
~2re completed, the corresponding performance of each of the
GPR systems was evaluated. GAR engineers concluded that the
stepped-FM system using the HP 8510 gave the best signal-to-
clutter and dynamic range performance. The basis for the
selection of the stepped-FM system is explained in more detail
in Section 9. The stepped-FM system was tested on a pipe test
field that GAR built several years ago near its Marietta
facility.

The pipe test field contains two plastic pipes and four
metal pipes, of several diameters and buried at various depths.
Figure 7.4 is a top view of the pipe test field showing the
pipe diameters, their fabrication material, and their relative
spacing. Figure 7.5 is a side view of the pipe test field
showing the burial depths of the pipes. As the pipe field is
several years ocld, the pipe burial depths are not precisely
known due to settling and other environmental effects. It is
estimated that the burial depths are known to within + 4
inches.

The full-scale field measurements were qualitative in
nature. They were meant to demonstrate the detection
capabilities of a stepped-FM GPR system. It was felt that
quantitative measurements would not be accurate due to the
unknown soil conditions of the pipe field. The homogeneity of
the soil could not be determined, and the exact burial depths
of the pipes were not known.

The full-scale field stepped-FM GPR measurements utilized
a time-domain synthesized pulse with a bandwidth of 45 MHz to
7@ MHz. A "normal" bandwidth weighting function was used,
thus a pulse of three nanoseconds in duration (as measured at
the 50% voltage amplitude points) was synthesized. The
bistatic antenna system used for the tests consisted of two
triangular-sheet dipoles with dimensions approximately 2.5
times those of the antennas used for the laboratory scale-model
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measurements. The antenna system was a unit designed to be
used with a GSSI short-pulse radar system having a three to
four nanosecond duration transmitter output pulse. The antenna
system was adapted for use with the HP 8510. All measurements
of the time-domain pipe signal returns were made with the

antennas polarized such that the electric field vector was
parallel to the pipe axis.




SECTION 8

MEASUREMENT RESULTS

This section summarizes the measurement results cttained
~nile testing the candidate GPR source signal types. Tne
ccrtrol ed dleYec+“‘“ environment for the scale-model tes<ts
orovided a basis ty which the performances of the GPRE systems
could be compared. The resul<ts from *he scale-model <ests wer
avalluated and the scals-model GPR system Wiztn tne Tesz
rerformance was idsntirfled.

A full-scale version of the scale-model GPR with the bes-=

nerformance was then fabricated and tested in a realistic
environment. GAR pbuilt a test field several years ago
containing buried utility pipes to be used for testlng GPR
systems. The performance of the full-scale GPR was tesied cn
thlis fi214d.

8.1 PHASE 1 SCALE-MODEL GPR MEASUREMENTS (CLAY SHALE)

The Phase 1 measurements with the scale-model GPR systenms
sed clay saale as the dielectric material in the scil-model
zank. The measursd dielectric properties of a sample ol =ne
clay shale are given in Appendix B. The diameters o =

argzets, and their burilal deptns in the soil tank, we"e

ccnsistent with a model scaie factor cf five. Reca thaz
Figzures 5.1 and 5.2 show the targe:t loccations witk;n the scill-
mcdel tank.

Care must be taxen when evaluating results obtained wiscn
“ne scale-model sysiems. When model—soil dielectric p=-zmezar
are ceing ex=rapolated to a full-scale environment, *he
conductivity, and nence =<he atzenuaticn characteristizcs, -7 =o
3nal2 are scalesed decwnward Sy <he scals factor. Targe<
Zdimensions, Zurila. depths, and the wavelegngths ol the RF 2ner:z
are scaied upward

A summary oI the ?Phase 1 GPR measurements is given in the
sentizns waichn follow The summary includes signal-tc-cluz=zar
2valiations, a relanive dielectric cecnstant verificaticon

N




measurement for the clay shale in the test tank, and target
da2tection measurements.

8.1.1 SIGNAL-TO-CLUTTER MEASUREMENTS
The signal-to-clutter measurement procedure was descrited

in Secticn 7. The results are given in Table 8.1 below.

TABLE 8.1: RESULTS OF SIGNAL-TO-CLUTTER RATIO MEASUREMENTS FCR
THE CANDIDATE GPR SYSTEMS.

GPR System Signal-to-Clutter Ratio (23)
GAR Short Pulse 51.5
GSSI Snort Pulse 52.8
HEP? 8510 FM-CW 57.5
4P 8519 Stepped FM 57.5

The measurements for the HP 8510-based systems may nhave
=een subject to dynamic range limitations. The reflection £fro
the metal plate used as the reference signal amplitude for the
measurements was 34 dB below the calibrated network analyzer
reference level for the S,y parameter. Thus, signal-to-clutter
ratios of £8 dB approach the dynamic range specification of ¢9
d3 for the HP 8512. Consequently, the signal-to-clutter ratios
cobtainable with the HP 351J2-based systems may be larger than
tnose presented in Tabie 8.1 above.

m

The sidelobe levels of the signal returns from the surfacs

Tay nave been a key factor, if not the determining factor, in
the GPR signal-to-clutter measurements. The surface return
signal nad sidelobes associated with it that extended into the
remainder of the receiver window. The sidelobe levels of the
surface return signal nad the same relative amplizude
r2laticonships as those measured for the transmitited pulses.
e sidelobe level of the HP 8519 synthesized pulses was down
dB at five nanoseconds from the main lobe peax: the sidelcoe
f the GAR monccycle pulse was 50 dB below the pulse.

elobe level of the GSSI transmitter pulse could nct be
red tecause tohe transmitter was contained in a sealesd

r




The surface return sidelobe level represents a practical
imit for the minimum clutter level to be expected from a GPRE.
e other sources of clutter, such as connector reflectiocns,
antenna reflections, and transmitter noise, increase <the

lutter level above that caused by the surface return sidelcte.
aione. The clutter level varies with location in the receiver
window and it is difficult to distinguish contributions from
various clutter sources.

1
my

8.1.2 GPR MEASUREMENT OF THE RELATIVE DIELECTRIC CONSTANT OF
THE PHASE 1 SOIL-MODEL TEST TANK

When the soil-model tanxk was filled, the possibiliz
existed that the dielectric properties of the clay shale in =tz
tank would not match those obtained in the laboratory
measurements of an individual sampie. These laboratory
measurements were always performed on a clay sample that was
tightly packed into a test cell. Fortunately, the shale was
guite moist and as the scil tank was filled, the clay was
tamped periodically to maintain a consistent density.
Nevertheless, the attenuation property of the shale tank could
not be measured directly as was dcne with the soil sample.
Therefore, an exact value for the attenuation of the shale in
the tank was not known.

<

The dielectric constant and attenuation propertiss of =z
given soil vary with density just as they do with moisture.
the density increases, sc does the dielectric constant and <h
attenuation. GAR engineers felt that if the relative
dielectric constant of the clay in the tank was the same as
that of the laboratory sample, then the attenuation of the cla-
n the tank would be approximately the same as the attenuation
measured for the sample. Therefore, it was necessary to
measure thne dielectric constant of the soil in the test tank.

is

1]

8

-

The relative dielesctric constant of the clay in the =
~as ccomputed using the signal returns from <the targets. T
only measured radar parameter required is the real-time delay
between the surface return and a target. If the measurement I:
perfeormed with a monostatic antenna system, the relative
dielectric ccnstant 1is *then given by:

-
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e. = (ct/2d)?, (8.1)

where U is the real-time separation between the surface return
nd the target return, d is the known distance from the surfacs
to the target, and ¢ is the speed of light in a vacuum. I
Zquation (8.1) is modified to include the spacing betwvee
phase centers of bistatic antennas, the relative dielect
constant equation becomes:

e
() ct
oy
[¢]

e. = (ct/( 2((s/2)% + )2 ) )2, (3.2)

where s 1s the spacing between the antenna phase centers. In
the case of the bistatic bow-tie antennas, the phase cen*ters c?
the dipoles were assumed to be the feed points.

The accuracy of this method of determining the dielectric
censtant of the clay in the tank is affected by several
factors: the accuracy and linearity of the GPR equivalent-time
receiver range display, the exact spacing between the phase
centers of the bistatic antennas, the centering of the antenna
system above the target, and the difference between the
expected target depth and its actual buried depth. The HP 8513
nad the most accurately calibrated range display; therefore,
the dielectric constant was calculated using the network
analyzer receiver output signals. Furthermore, the effects of
errors in determining s and d are minimized by selecting

igrals from deep targets for ccmputing the dislectric c¢
2f the soil in the tank. However, <%the shale had high

attenuation properties and the deepest targets were not
detectable at the receiver, sc a relatively shallow targe: was
used for the dielectri¢ constant measurement.

Tigure 8.1 is a plot of a received waveform from the =?
3219 using the stepped-rM time-dcmain mode. Marker ! i3 placed
cn the surface return, Marker 2 is cn a 1.2% inch diameter
pilastic pipe 7.8 incaes deep, and Marker 3 1is ¢cn the return
from a metal plate 2'.6 inches bhelow the surface. Using =zhe
plate return to compute the diclectric constant, the parameters
fo>r Eguaticn (8.2) beccme: d=2.548 m, s=9.165 m, t=12.6 ns. anai
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Figure 8.1: Plot of the HP8510 returns of surface (Marker 1

a 1.25 inch dia. plastic pipe (Marker 2), and a
metal plate (Marker 3).
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c=3 x 108 m/s. The relative dielectric constant is computed %o
ne 11.63.

The laboratory measurement of the dielectric constant ofF
the shale sample is presented in Appendix B. For the frequency
hand of 200 MHz to 2.0 GHz, the dielectric constant varies
between 14 and 16. If the measurement of the relative
dielectric constant using the GPR system was accurate, the
shale in the tank above the plate target may not have been
Tacked quite as densely as the sample was in the test cell.
This means that the attenuaticn, in dB/m, for the clay in *the
tanx was probably less than that of the sample.

The two measurement techniques yielded similar results for
the relative dielectric constant of the shale in the test cell
and the shale in the test tank. If the potential sources of
error for the test tank measurement are taken into account, <o
results of the test-cell measureméent are an acceptably accuraze
representation of the electromagnetic properties of the shale
in the test tank. Therefore, the test-cell parameters were
used for subsequent calculation., involving the electromagnezic
parameters of the shale in the test tank.

[\

8.1.3 PHASE 1 SOIL-MODEL TANK TARGET MEASUREMENTS

This section presents the target measurement data for the
socil-model tank containing the clay shale. Table 8.2 below
summarizes the measured target signal return amplitudes frcm
c2ach of the GPR systems. The table readily allows comparisocns

f the target-detection performances of the test radars. Also
included at the end of this section are photographs and plots
of the candidate GPR receiver output waveforms showing some of
the target signal returns.

The left-mos%t five columns in Table 8.2 describe the model

Tipe target environment and an extrapolated full-scales

vironment tased on the model. The model scale factor of five
chosen for the computation of the full-scale environmental
ameters, wnich 1s consistent with the scale factor used for
ction of the model tank parameters. The left-most column
he actual outside diameter, in inches, of the pipe targe:s
ed in the soil-model tank. The second column lists the
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depths, in inches, from the surface to the tops of the pipes
The +third column lists the equivalent outside diameter of !

o
e

pipes in a full-scale environment. The fourth column contains
the extrapolated depths of the pipes, measured in feet, for a
full-scale environment. The fifth column describes the

material of the pipe construction: metal or plastic.

The remaining four columns present the measured amplitudes
£ +the signals from the pipe targets fcor each of the candidate
PR sys+tems. The cases for which the pipes were undetectabl
are noted in the tab*e. The short-npulse radar amplitudes are
expressed in millivol and the HP 8%19 target signal
amplitudes are expressed in micro-units. ©One micro-unit Is
1/1,000,000th of the amplitude of the normalized signal
obtained from the HP 8510 Sy, at calibration. The Sjp,
calibration is performed by removing the antennas from the
antenna cables and connecting the cables directly together.
Therefore, the Spy calibration amplitude is much greater than
the 51gnals from the antennas.

Also included near the bottom of Table 8.2 is the shale
clay attenuation expressed in dB/m at 1 GHz and an .
extrapolation of this attenuation to a full-scale environment.
The value of the clay attenuation at 1 GHz comes from the grapn
included in Appendix B.

Care must be taken when comparing the target-detection
performances of the GPR systems using the amplitude results in
Tatle 8.2. The apsolute amplitudes canrnot be compared btetween
radars. This is because each of the radar systems 1is
constructed differently and produces different output levels.
Instead, the comparison should be based on the ratios of the
amplitudes of the targets as measured with each radar.

For example, the maximum target signal amplitude for each
GPR is from the 2.88 inch diameter me<tal pipe. These
adeasurements (along with the ccorrespending measurements Ior
2.88 inch diameter plastic pipe) can be used as the referenc
target signal amplitudes for each radar. The other targec
signal returns can be expressed as a fraction of the amplitu
of the corresponding reference level. These ratios are
summarized 1n Table 8.3.

o

Q.
"
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For the GAR short-pulse radar, the ratio of the 2.38 inch
metal pipe return amplitude to the amplitude of the 0.88 inch
metal pipe is 43/1120=0.038. The ratios of the same two target
returns for the GSSI system, the HP 851@ swept-FM system, and
the HP 8510 stepped~FM system are 20/700=0.029, 350/8970=0.039,
and 314/7760=0.040, respectively. These ratios are all within
3 dB of each other, as would be expected. This is because all
of the environmental factors affecting the signal returns are
the same with each of the radars.

Cther target return ratios show greater variation between
the GPR systems. The ratio of the ©.88 inch plastic pipe
return to the 0.88 metal pipe return shows a 10 dB variation
between the radars. The target ratios for the GSSI system, the
GAR system, the HP 8510 swept-FM system, and the HP 8510
stepped system are 0.143, 2.277, ©0.370, and 2.440,
respectively. Several reasons may account for this variation.

First, the pipe target was very close to the surface,
causing the target return and the surface return to interfere
somewhat. This may have led to an error in measuring the
return amplitudes of the @.88 inch pipes. Second, the GSSI
radar used a different antenna than the other three systems,
which may have resulted in a different near-range response.
Third, the received signal level is sensitive to the antenna
coupling to the ground. Optimally, the antennas should be
flush with the so0il surface. However, the soil surface could
not be made perfectly flat, so that some unevenness existed.

Another very important result can be determined from the
ratios of the plastic and metal @.88 inch pipes. On the
average, the plastic pipe return is about 9 dB lower in
amplitude than the metal pipe return. This implies that the
plastic pipe has a radar cross section that is approximately
one-third that of the metal pipe in voltage. Similar
variations of the signal amplitudes are observed when
comparing the returns from the plastic and metal pipes buried
at other depths. The implication is that a plastic pipe of a
given diameter must be closer to the surface than a metal pipe
of the same diameter in order to be detected.

The radar cross section of a plastic pipe filled with a
liquid, such as water, will typically be greater than that of a
plastic pipe filled with a gas. This is due to the higher
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relative dielectric constant of the liquid. The plastic pipes
in the soil-model tanx were air-filled, and no measurements
were made with liquid-filled plastic pipes.

Another phenomenon was noted when generating strip-chart
recordings using the two time-domain pulsed radars. The metal
pilpe signals were detectable at much greater off-center angles
than the plastic pipes. (An off-center orientation is obtained
by first placing the GPR antenna directly over the pipe and
then moving the antenna in a direction perpendicular to the
longitudinal axis of the pipe.) This difference in off-center
responses was greater than that which could be explained simply
based on the larger return obtained in general from the metal
pipe than from the plastic pipe. This means that the radar
cross section of an air-filled plastic pipe varies differently
with respect to the off-center angle than does that of a metal
pipe. Thus, algorithms to extract pipe returns from radar
receiver waveforms should account for these differences in the
radar cross section patterns of the two classes of pipes.

A thorough measurement of the radar cross section patterns
of metal and plastic pipes of similar diameter with respect to
depth would be quite interesting. Results from such an
investigation would be valuable to the GPR designer and to *the
designer of pipe~detection signal processing algorithms. Such
measurements, however, were beyond the scope of this program.

Flgures 8.2 through 8.17 are photographs and plots of the
received waveforms from each of the GPR systems. The antenna
systems were placed in four different locations on the surface
of the soil-model tank. The antenna systems were always
centered directly above the pipe and polarized in parallel with
the pipe axis to ensure maximum return signal. The surface and
target return signals are identified in each figure. The
location of the antenna systems in each figure is described
below.

In Figures 8.2 through 8.5, the antenna system was placed
above the 1.31 inch metal pipe buried at a depth of 7.8 inches.
Figures 8.6 through 8.9 show the returns from the 1.25% inch
diameter plastic pipe at a depth of 7.8 inches with the metal
plate located beneath the pipe at a depth of 21.6 inches. 1In
this case, the antenna was placed directly above the pipe, and
the plate was slightly off-center. Figures 8.10 through 8.13
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SURFACE AT 1.5 DIV FROM LEFT
1.31 DIA METAL PIPE AT 2.5 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.2: Phase 1 measurement. GAR short-pulse radar
received waveform showing the 1.31 inch diameter
metal pipe return at a depth of 7.8 inches.
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SURFACE AT 1.2 DIV FROM LEFT
i.31 DIA METAL PIPE AT 2.2 DIV FROM LEFT
NS/DIV REAL-TIME

Figure 8.3: Phase 1 measurement. GSSI short-pulse radar
received waveform showing the 1.31 inch diameter
metal pipe return at a depth of 7.8 inches,
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SURFACE AT 1.5 DIV FROM LEFT

1.25 DIA PLASTIC PIPE AT 2.6 DIV FROM LEFT
METAL PLATE AT 4.6 DIV FROM LEFT

4 NS/DIV REAL-TIME

“igure 8.6: Phase 1 measurement. GAR short-pulse radar
received waveform showing the returns from th=
1.25 inch plastic pipe at 7.8 inches apnd zthe
metal plate at 21.6 inches.




SURFACE AT 1.2 DIV FROM LEFT

1.25 DIA PLASTIC PIPE AT 2.2 DIV FROM LEFT
METAL PLATE AT 4.2 DIV FROM LEFT

4 NS/DIV REAL-TIME

Figure 8.7: Phase 1 measurement. GSSI short-pulse radar
received waveform showing the return from the

1.25 inch diameter plastic pipe at 7.8 inches

anc
the metal plate at 21.6 inches.
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SURFACE AT 1.8 DIV FROM LEFT
3.5 DIA METAL PIPE AT 5 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.10:

Phase 1 measurement. GAR short-pulse radar
received waveform showing the return from the 2.:Z
inch metal pipe at 18 inches.
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SURFACE AT 1.3 DIV FROM LEFT
3.5 DIA METAL PIPE AT 4.4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.11: Phase 1 measurement. GSSI short-pulse radar
received waveform showing the return from the 3.3
inch metal pipe at 18 inches.
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Figure 8.13: Phase 1 measurement. HP8510 stepped-FM received
waveform showing the return from the 3.5 inch
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97




SURFACE AT 1.6 DIV FROM LEFT
2.5 DIA PLASTIC PIPE AT 3.9 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.14: Phase 1 measurement. GAR short-pulse radar
received waveform showing the returu from the 2.%
inch diameter plastic pipe at 15.6 inches.
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SURFACE AT 1.3 DIV FROM LEFT
2.5 DIA PLASTIC PIPE AT 3.4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.15: Phase 1 measurement. GSSI short-pulse radar
received waveform showing the return from the 2.5
inch diameter plastic pipe at 15.6 inches.
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Figure 8.16: Phase 1 measurement. HP8510 swept-FM received
waveform showing the return from the 2.5 inch

diameter plastic pipe at 15.6 inches.
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show +the rsceivad signals from the 3.5 inch diameter metal pipe
at a dep*h of 18 inches. Finally, Figures 8.14 through 8.7
show the received waveform from the 2.5 inch plastic pipe
suried at a dspth of 15.6 inches.

8.2 PHASE 2 SCALE-MODEL GPR MEASUREMENTS (CLAY SCHIST)

vy
b
wn
t

The Phase 2 measurements were performed with clay sci
in the soil-model tank. The measured dielectric proper=tiss cf
a2 sample ©of the clay schist are given in Appendix 3. The =<anx
was filled usinz the same procedure as was used with the cl
shale of the Phase 1 measurements. The targets and their
placements were exactly the same as for the Phase 1

measurements.

The Phase 2 measurements consisted of the verificaticn of

e soil dielectric constant and the actual target

measurements. A signal-to-clutter measurement was not

rformed because the schist did not have a high enough
tenuation to make 1t suitable as a matched load for the
tenna. A summary of the Phase 2 measurements 1s given in thne

ions which follow.

8.2.1 GPR MEASUREMENT OF THE RELATIVE DIELECTRIC CONSTANT OF
THE PHASE 2 SOIL-MODEL TEST TANK

The measurement procedure to determine the relative
dielectric ccnstant of the c¢clay schist was the same as thatz
used for the Prase ! measurement. In this case, however, ihe
return from the metal pipe 36 inches below the surface was used
as a reference Figure 8.18 shows the pipe return signal frcm
the HP 85192 operating-in the stepped mode. Marker 1 is located
zn the surface return and Marker 2 is on the pipe return. The
zirce return Is located 22 nanoseconds frcm the surface Jsing
Tguaticn (8.2) ana s = 2.282m, one computes the relative
ileleciric constant to te 12.34.

Two samples cf the schist were tested using the open
circuilt sampie cei:l 1n order to determine the dielectric
croperties oI +he soil in the tank. The first sample was taxksan
frzm soll a<t the trick manufacturer’ lccaticn and the seccnd
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Figure 8.18: Phase 2 measurement. Plot of the HP8510 returns
of the surface (Marker 1), and the 6.63 inch
diameter metal pipe (Marker 2).
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that was used In the test *tanx. The firss
d lative dielectric constant c¢f approximazel
considerably nzghe" than the value obtained using
stem. Consequently, the second soil sample was

red using two packing densities, firm and dense, in an

to produce a relative dielectric constant measurement
was clcser to the GPR system measurement. All three sets
cf measurements are presented in Appendix B.

The *hird se* of measursments (dense packing) revealed za
relaztive dielectric constant varying tetween 11 and 14.35 cver
zne {requency range cf 220 MHz to 2.2 Ghz. However, tns curve
does exhibit an undulation that is not typical of such a
measurement. I+ was felt that this undulation could be
at*ributed to the difficulty in producing a uniformly dense
packing of the soil sampi.e in the test cell. Nevertheless, the
s.ullarity between the GPR dielectric constant measuremenst and

the densely packed test cell measurement of the second sample
implisd that the test cell measurement of the attenuaticn cculld

aracterize the soi in the test tank with a reasonable degree
of accuracy. Therefore, the matching test cell measurements
could be used to extrapolate the scale-model system to a full-
ale environment.

8.2.2 PHASE 2 SOIL-MODEL TANK TARGET MEASUREMENTS

The Phase 2 target measuJurements were performed in a
similar manner as the Phase ! target measurements. Tab
summarizes the results of these target measurements. 7
table 1s structured in exactly the same way as Table 8.2.
Table 8.5 is similar to Table 8.3 from Section 8.1.3 i
lists the normalized received signals for each GPR, where
ncrmallization is done.relative to the return from the
corresponding 2.88 inch pipe (metal or plastic) for the GPR c7f
interest. <n additicn, photcgrapns and plots of the G? T
waveiorms are :ncluded at the end of this section

¥hen examining Table 8.4, one should note that all cf zhe

were detected with all of the GPR systems. This is
ccurse, to the lcwer attenuation of the schist in <+
r the same reason, %target signal return ampli<u
f~om the Phase 2 measurements were in general significant:
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er than comparable signal returns from the Phase

litudes measured for the schist clay case divided by the
responding amplitudes measured feor the shale clay case

An exception to the trend of larger signal returns witn
the schist clay was observed with the GAR short-pulse radar
returns from the .88 inch diameter metal pipe buried at 4.1

t
urements. Table 8.6 presents the ratios of target signal
~

inches. The metal pipe rezturn was actually lower in this case

vy &y

()]

13 percen* Contrast this with the resul%ts from the
guency-3dcmain systems. The increase in return ampl
m the 2.88 inch diameter pi in schist clay using e
quency domalin systems was at luast 49 percent, and rang
Zh as 89 percent. The GSSI short-pulse radar showed an
the metal pipe return of 14 percent, and an
ncrease 1in the plastic pipe return of 160 percent.
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In general, the percentage increases in Phase 2 targez
return amplitudes relative to Phase 1 measurements for
eguency-domain systems and the GSSI short-pulse radsza
znucn higher tnan the comparable increases observed wic
short- pulse radar. These differences can only be attributed

e .
c

“J

the differences in the frequency content of the RF en
ne pulses generated by the GAR short-pulse radar as
to those generated by the GSSI and the HP 8514 systems.

The ratios of deep~-target returns (the pipes witl
diameters cf 2.5 inches or more) to returns from the 2.28
-

c
pipes for the GAR short-pulse radar were higher than the same
ratios for the frequency-domain systems (see Table 8.5). Thn=

ratios of the deep-target returns to the 02.88 inch pipe rezur:

for *the GSSI radar were similar to those of the GAR radszs

[ SRS |

However, the pipe returns measured with the GAR short pulse
radar did not exhibit increases in going from Phase 1 %o Phas
2 measurements as large as those exhibited by the freguency-

“cmaln systems.
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8.19 tnrough 8.38 are photcgrapns and plots cf =
d waveforms from each GPR systems with *he antennas
ifferent locations on the surface of the soil-model =zan
nas were centered above each pipe of interes+t and
.n parallel with the pipe axis to maximize ¢
surface and target signal returns are ide
cgrapnhs are descrited briefly in the paragrarch
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SURFACE AT 2.4 DIV FROM LEFT
1.31 DIA METAL PIPE AT 3.2 DIV FROM LEFT
4 NS/DIV REAL-TIME

rigure 8.19: Phase 2 measurement. GAR short-pulse radar
received waveform showing the return from the
1.31 inch metal pipe at 7.8 inches.
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Figure 8.20:

SURFACE AT 1.0 DIV FROM LEFT

1.31 DIA METAL PIPE AT 2.2 DIV FROM LEFT
4 NS/DIV REAL-TIME

Phase 2 measurement. GSSI short-pulse
receivec waveform showing the return from the

1.31 inch metal pipe at 7.8 inches. (4as/Div,
real time)

radar




Sz« LINEAR
REF 2.2 Uniz<s
6 1.3 mUnits/
7.2865 mU.
: [ E S/1F DIA. METAL {
c i i | ‘ H |

|
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e

START 2.9 s
STCR 42.2 ns

MARKER 1 SURFACE

MARKER 2 1.31 DIA METAL PIPE
201 POINTS SWEPT-FM

4 NS/DIV REAL-TIME

([

Figure 8.21: Phase 2 measurement. HP8510 swept-FM received
waveform showing the return from the 1.31 inch
metal pipe at 7.8 inches.
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LINEAR
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MARKER 1 SURFACE

MARKER 2 1.31 DIA METAL PIPE
201 POINTS STEPPED-FM

4 NS/DIV REAL-TIME

]

Figure 8.22: Phase 2 measurement. HP8510 stepped-FM receive
waveform showing the return from the 1.31 inch
metal pipe at 7.8 inches.
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Figure 8.23:

SURFACE AT 2.5 DIV FROM LEFT

1.25 DIA PLASTIC PIPE AT 3.5 DIV FROM LEFT
METAL PLATE AT 5.3 DIV FROM LEFT

4 NS/DIV REAL-TIME

Phase 2 measurement. GAR short-pulse radar
received waveform showing the returns from the

1.25 inch diameter plastic pipe at 7.8 inches and
the metal plate at 21.6 1nches.
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SURFACE AT 1.0 DIV FROM LEFT

1.25 DIA PLASTIC PIPE AT 2.3 DIV FROM LEFT
METAL P?LATE AT 4.4 DIV FROM LEFT

4 NS/DIV REAL-TIME

Figure 8.24: Phase 2 measurement. GSSI short-pulse radar
received waveform showing the returns from the
1.25 inch diameter plastic pipe at 7.8 inches and
the metal plate at 21.6 inches.
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21 L INEAR
EF 0.0 Units
500.9 uUnits/

!Q ! T 1/4TPLASFIC PFPE +;PLAT;
T T
‘; \ ! F i i |
# ¢ ! ‘
SRR
T
IR
N IREEER |
HIYRNNINE
T N

START .9 s
STCP 42.9 nmns

MARKER 1 = SURFACE
MARKER 2 = 1.25 DIA PLASTIC PIPE
MARKER 3 = METAL PLATE

201 POINTS SWEPT-FM
A NS/DIV REAL-TIME

Figure 8.25: Phase 2 measurement. HP8510 swept-FM received
waveform showing the returns from the 1.25 inch
diameter plastic pipe at 7.8 inches and the meta
plate at 21.6 inches.
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So1 L INEAR
REF 0.Q Units
2 S00.0 uUnits/
V  2.g845 mu.

,Fp FK 1 1/4 DIA.| PLASTIC FIFE -:—1 PLATE
1 ! : | :
{

C

|

| ' L
RN |

1

START 2.9 =
STORP 42.2 ns

MARKER 1 = SURFACE
MARKER 2 = 1.25 DIA PLASTIC PIPE
MARKER 3 = METAL PLATE

201 POINTS STEPPED-FM
4 NS/DIV REAL-TIME

Figure 8.26: Phase 2 measurement. HP8510 stepped-FM received
waveform showing the returns from the 1.25 inch
diameter plastic pipe at 7.8 inches and the metal
plate at 21.6 inches.
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SURFACE AT 2.5 DIV FROM LEFT

3.5 DIA METAL PIPE AT 4.9 DIV FROM LEFT
6.63 DIA METAL PIPE AT 7.4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.27: Phase 2 measurement. GAR short-pulse radar
received waveform showing the return from the 3.5
inch diameter metal pipe at 18 inches.
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SURFACE AT 1.3 DIV FROM LEFT
3.5 DIA METAL PIPE AT 4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.28: Phase 2 measurement. GSSI short-pulse radar

received waveform showing the return from the 3.5

inch diameter metal pipe at 18 inches.
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REF 9.0 Unizs
2 500.0 pUnits/
V 2z 1zas mu.
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START 0.9 s
STCPR 42.9 ns

MARKER 1 = SURFACE

MARXER 2 = 3.5 DIA METAL PIPE
201 POINTS SWEPT-IM

4 NS/DIV REAL-TIME

Figure 8.29: Phase 2 measurement. HP8510 swept-FM received
waveform showing the return from the 3.5 inch
diameter metal pipe at 18 inches.




So1 L INEAR
RFEF 0.0 Unita
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START 0.2 =
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MARKER 1 SURFACE
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Figure 8.30: Phase 2 measurement. HP8510 stepped-FM received
waveform showing the return from the 3.5 inch
diameter metal pipe at 18 inches.
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SURFACE AT 2.5 DIV FROM LEFT
3.5 DIA PLASTIC PIPE AT 4.9 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.31: Phase 2 measurement. GAR short-pulse radar
received waveform showing the return from the 3.5
inch diameter plastic pipe at 18 inches.
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SURFACE AT 1 DIV FROM LEFT
3.5 DIA PLASTIC PIPE AT 4 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.32: Phase 2 measurement. GSSI short-pulse radar
received waveform showing the return from the
1inch diameter plastic pipe at 18 inches.
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REF 0.8 Units

S00.0 pUnits/
v g86.5 pU.

3 1/2]DIA.IPLAS IT [
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START 0.0 =
STCPR 40.0 ns=

MARKER 1 SURFACE

MARKER 2 3.5 DIA PLASTIC PIPE
201 POINTS SWEPT-FM

4 NS/DIV REAL-TIME

Figure 8.33: Phase 2 measurement. HP8510 swept-FM received
waveform showing the return from the 3.5 inch
diameter plastic pipe at 18 inches.

[§9]
[(9%]

y—




So1 L INEAR
REF 0.9 Units

2 S00.0 pUnits/

V 868.89 pU.

L3 3 1/2] OIA.| PLAS[TIC
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START 2.9 =
STOR 42.9 ns

>

MARKER 1 SURFACE

MARKER 2 3.5 DIA PLASTIC PIPE
201 POINTS STEPPED-FM

4 NS/DIV REAL-TIME

'igure 8.34: Phase 2 measurement. HP8510 stepped-F¥M receive
waveform showing the return from the 3.5 inch
diameter plastic pipe at 18 inches.
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SURFACE AT 2.5 DIV FROM LEFT
6.63 DIA METAL PIPE AT 7.3 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.35: Phase 2 measurement. GAR short-pulse radar
received waveform showing the retur‘n~fr'om the
6.63 inch diameter metal pipe at 36 inches.




SURFACE AT 1.4 DIV FROM LEFT
6.63 DIA METAL PIPE AT 6.8 DIV FROM LEFT
4 NS/DIV REAL-TIME

Figure 8.36: Phase 2 measurement. GSSIT short-pulse radar
received waveform showing the return from the
6.63 1pch diameter metal pipe at 36 inches.
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Figure 8.37: Phase 2 measurement. HP8510 swept-FM received
waveform showing the return from the 6.63 inch
diameter metal pipe at 36 inches.
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Figure 8.38: Phase 2 measurement. HP8510 stepped-FM receivecd
waveform showing the return from the 6.63 inch
diameter metal pipe at 36 inches.
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8.3 FULL-SCALE GPR MEASUREMENTS WITH HP 8510

The full-scale GPR measurements were conducted with a
stepped~-rM frequency-domain system as described in Section 7.C
above. Zuring a measurement the bistatic antenna system was
placed directly above each pipe target and a plot of the
resultant received waveform was generated. TFor the case 0of =n=
two closely spaced copper pipes, the antenna system Was
centered between them.

Figures 8.39 through 8.43 are the plots of the received
waveforms from the various pipe targets. TFigure 8.39 is =he

received waveform when the antenna was centered between the =<w-
copper pipes, Figures 8.49 and 8.41 are the waveforms frcm zha

two-fcot deep and fecur-fcot deep plastic pipes respectively,
and Figures &8.42 and 8.43 are plots of the received wavefcras
Trom the four-foot deep and six-fcot deep metal pipes
respectively. In each of the plots, marker number two is
piaced on the s;gna} return from the target.

In Figure 8.39, marker number *two is place con *the ccmtines
sigral return frcm tne tWo copper Dipes. The two Dlpes wers =z-
an =qual discance from the antenna, and therefore the re-urns
are ccmoined Moving the antenna away frocm the center poin:
cetwWween the pipes revealed separate returns from each, tecausa
the ranges tc the two pipes was different. Thus, tie one-7coz
spacing between the copper pipes was greater than the
resolution cell ol the three-nanosecond pulse, enabling <he
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Figure 8.39:

MARKER 2 = COMBINED RETURN FROM TWO
1 INCH DIA METAL PIPES

201 POINTS STEPPED-FM

7 NS/DIV REAL-TIME

Full-scale field measurement. HP8510 stepped-’
received waveform showing the combined return
from two copper pipes spaced 1 foot apart and
buried 2 feet deep. The antenna is placed
between the pipes.
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REF @.0 Units
2 829.3 upUnits/
V —2.s615 mu.
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START -5.Q ns
STCP 65.0 ns

MARKER 1 SURFACE

MARKER 2 2 INCH DIA PLASTIC PIPE
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Figure 8.40: Full-scale field measurement. HP8510 stepped-FM
recelved waveform showing the return from a 2
inch diameter plastic pipe buried 2 feet deep.
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Figure 8.41:
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Full-scale field measurement. HP8510 stepped-FM
received waveform showing the return from a 2
inch diameter plastic pipe buried 4 feet deep.
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Figure 8.42:

65.90 ns

MARKER 1 = SURFACE
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Full-scale field measurement. HP8510 stepped-FM
received waveform showing the return from a 6
inch diameter metal pipe buried 4 feet deep.
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Figure 8.43: Full-scale field measurement. HP8510 stepped-FM
received waveform showing the return from a 6
inch diameter metal pipe buried 6 feet deep.
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returns from the individual 1

antenna was moved on the sur

s to be distinguished when the

pipe
face across the pipes.
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Other qualitative observations demonstrated the dependence
of target signal strength on target radar crcoss secti Th
amplitude of the return from the two-inch diameter jopt
puried at four feet was approximately cne-third of the
amplitude of the return from the six-inch diameter metal Dpipe
puried at the same depth.

e

However, 1t is doubtful a

same pipe in a similar soil buried at ten feet could be
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reliably detected. This is because the equations model
metallic cylinder radar cross section (either Equatio
4.4) combined with the Radar Range Equation, Equation 4.1,
predicts that the target return signal power has a 1/R3

dependence as well as a loss term that is also exponentially
dependent ¢on R. The 1/R3 term alone predicts a received signal
power from a target at ten feet to be 21.6% of the pcwer freonm
the same target at six feet. Since the attenuation

characteristics of the soil in the pipe test field were no=
«nown and could not be measured for the entire field, the exac:
effects of the attenuation term could not be predicted.
However, the combination of the two terms mentioned above wcocull
reduce the amplitude of the return from a six-inch diamezer
pipe buried at ten feet to below the level of the clutter
present in the received signal.

The full-scale measurements using the stepped-FM
frequency-domain GPR system demonstrated its capability to
detect buried pipe targets. As expected, the qualitative
esults illustrated the dependence of the tarzet detectability

its radar cross section and burial depth. The unknown
enuation characteristics of the scoil in the pipe test 71
ne exact turial depths of the tarzets prevented a
relation between the scale-model results of the Phase ' an
se 2 measurements and the full-scale measurements.
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SECTION 9

SELECTION OF THE OPTIMUM GPR SOURCE SIGNAL BASED ON THE PHASE 1
AND PHASE 2 SOIL-MODEL TANK MEASUREMENTS

This section contains an evaluation of the results
cbtained from the Phase 1 and Phase 2 measurementis conducted
with the scale-model GPR systems. The effectiveness of the
scale-modeling procedure is examined as well. Finally, a
selection of the optimum GPR source signal .ype 1s made, 2ased
cn the results frcocm the scale-model tests.

9.1 EVALUATION OF THE EFFECTIVENESS OF THE SCALE-MODEL TESTS

The scale~modeling technique used for this program to
evaluate the GPR systems had advantagps and disadvantazes.
Zowever, GAR engineers feel that 1t provided good results
overall. It was effective enough to allow a confident choice
of the best of the four candidate GPR source signal types to e
made, based on an assumed set of design criteria.

The shale soll-model tank of the Phase 1 measurements
provided the most useful scale-model results. The loss
characteristic of the shale was high enough so that it scaled
“0 a more realistic full-scale envirconment than did the 1o
cnaracteristic of the schist clay. The loss characteristic
the shale in the socil-model tank was probably close to that
the clay shale sample measured with the test cell. This can ze
reasonably inferred since the experimental dielectric constan:
measurements using the GPR systems produced a similar value to
*hat obtained from the test-cell measurements. Thus, a
realistic conversion of the Phase 1 model measurement resul:s
<2 a full scale scenaric could be done.

Several laboratory test-cell measurements were performed
on samples of the clay schist soil in order to correlate the
attenuaticn properties of the soil-model tank to those of the
azoratory measur=ments. Cne set of laboratory samp.e
measurements did produce results that corresponded well
tne GPR dielectric constant measurement of the soil in the tes=

.

an«. Therefore, 1: was felt that the attenuation




characteristic of the soil sample could be extrapolated ¢ &
full-scale environment.

When comparing the attenuation properties of tne schisz
and the shale, it was felt that the shale provided a more
useful soil to be used as a scale mcidel. Its higher
attenuation properties allow the modelling of full-scaled
systems with more realistic attenuation characterictics that
does the schist.

GAR engineers were not avle to exactly cetermine The 120SsS
snaracteristics ofF z2ither ¢f fhes s3oll-mcdzl tznks. This wes
because the packing density of the soil throughout the mcdel
tank could not be determined. TFurthermore, we did not know ac
homogeneocus the soil was in the tank, even though considerable
efforts were made to maintain homogeneity. The procedure cf
testing a scil sample in a test cell with the network analyzer
Ccn'l ~A

uld not replicate the exact packing density of the soil tank.

In one respect, the investigators were fortunate t
relative dielectric constant of the schist was not as hi

the wvalue measured in the test cell. The GPR measuremen

the reclative dielectric constants of the schist soil-mode
and of the shale soil-model tank indicated that the dielect
constants were very similar (12.94 for the schist and 11.63
the shale). This meant that the effective aperture and gain
the triangular-sheet dipole antenna were essentially the same
for both soil-mecdel tanks. Thus, the radiation bandwidth of
the antenna was about the same for toth tanks.

This cbservation is important because 1t allows a direc=

eavaiuation of which GPR system uses the optimum bandwid<h
shape, or equivalently, the optimum pulse shape. I the
antenna <ffective aperture and gain were very diff

erent from
i1d r o

the shale tank to the schist tank, the antenna would radiaze
cver a different bandwidth in one tank than in the cther Tniz
would ias cne pulse shape cver the other, Tecause the
different GPR pulse shapes concen<trate RF energy in diffzarenz
frequency bands.

Viewed from another perspective, this similarity between
the schist and shale dielectric constants allowed ogram

s pr
investigators to better isclate a single soil variatle
nteress. This wvariable of interest is the scil az




which must be scaled by the scale factor in the scale-model
environment. The reader should recall that in contrast, =th
dielectric constant is not scaled, but remains the same in the
full-scale scenario as in the scale-model environment. Since
the two scils differed in attenuation much more than in
dielectric constant, one can safely assume that many of the
differences be:tween the Phase I and Phase II results are due
virtually exclusively to this attenuation difference.

Zven though there was some uncertainty associated with the
il varameters in the schist soil-model tank, the Phase 2
asurements were gquite valuable in determining an optimum GZR
urce signal type. Those measurements revealed that th
fects on *the response of the frequency-domain systems when
moving from a hign-loss to a lower-loss environment were much
mcre dramatic than the same effects on the GAR short-pulse
radar. This was true, to a lesser degree, of the GSSI shert-
pulse radar with respect to the GAR radar. The implication is
that the pulse shape of the GAR short-pulse radar had an RY
Zandwidth that 1s less sensitive to the specific scil
environment and thus 1is perhaps better suited for deep ground
penetration in varying environments than the pulse shape
syntnesized by the HP 8510-vased systems or the pulse of the
GSSI radar.

The ability to make this comparison is precisely why the
pulse widths of the GAR radar and the two frequency-domain
systems were chosen to be the same. Recall that an absolut
evaluation and ccmparison of the GSSI measurement results wi=zh
those of the other radars ils not possible because the GSSI un:iz
nad a different antenna system and a pulse width that was noz
exactly Known.

The RF bandwidth cf the monocycle pulse of the GAR radar
vided a better match to the attenuation characteristics of
soil than did the bandwidth of the network analyzer pul
zr =hat of the GSSI snort-nulse. The RF bandwidth of +the czther
pulses nad more high-frequency content than the GAR monccycli=.
Thus, a greater percentage of the energy in the bandwid*th of
“ne HP 8512 pulse was attenuated in the soil than with the GCAR
acnocycle.
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9.2 DETERMINATION OF THE OPTIMUM GPR SOURCE SIGNAL

The selecticn of an optimum GPR system is not a simple
task. Some of the consideraztions involved in the choice were
discussed earlier in this reporit. However, ifferent RT
bandwidths will be required for different applications. A GPR:
designed for deep-penetration must radiate low RF freqguencies
to avolid the drastic attenuation characteristics of the scil =z
higher frequencies. Conversely, a high-resoclution GPR must us-
a wider bandwidth than the deep-penetrating GPR systen.
Therefore, the cptimum GPR must have selectatle RY bandwid=ns
t0 provide the best performance in varying soil environmen=s.
2ased 2~n the nr=ceding analysis and +the results from this
measurement program, a selection of an optimum GPR system can
be made as follows.

9.2.1 EVALUATION OF THE GPR SYSTEMS TESTED

wWhen deep penetration is the goal, the best RF bandwidth
shape for a GPR will concentrate most of the RF energy into tTn:
passband of the antenna and the scoil. Of the GPR systems
tested, the monocycle pulse shape, and its associated RF
bandwidth, appeared tc offer significant advantages in this
case. On the other hand, if high resoluticn is the goal, then
a bandwidth shape with relatively higher frequency content wil.
be preferable.

Ideally, cone wculd want a GPR system with a selectable
bandwidth shape, a shape that accentuates the lower-freguency
components for deeper penetration applications, and the nizher:
frequency components for higher resolution applications. Zac:.
selectable bandwidth shape could be different altog2ther, or
the overall bandwidth shape (amplitudes and phases of <he
frequency components) could be the same for all of the
different selectable bandwidths, with only the center freguen:z-
adjusted frcm case to case.

This selectable bandwidth capability is effectively
provided by the HP 8510 in terms of its selecta le frequency-
domain weighting functions (see Section 6.3.1 1)L In

contrast, incorporation of such a feature in tlme—domain
systems sucn as the GAR and GSSI GPRs would be difficul-. Tha




ease with which this fesature can be incorporated into a

frequency-dcmain GPR is certainly a major factor favoring
selection of such a unit as the best GPR system fcr lccation cf
nderground utilities.

The clutter performance of the GPR system is alsoc an
extremely important factor. As illustrated in Table 8.1, the
frequency~domain GPR sys:cems, based on the HP 8510, were found
to have better clutter performance than the pulsed GPR systems.

This was partially due to the additicnal clutter associated
with the coupling of high~frequency noise from the shor=t-nulse
~ransmitters ‘nto the receiver through the power supplies ani
ground planes. The CW transmitter of the HP 8510 does nc:
zenerate these transients that produce that type of clutter
problem. Also, one has difficulty in building short-pulse
transmitters that have 50 ohm output impedances. Such outpu=z

impedances are required to terminate any undesired reflections
that travel back toward the transmitter from discontinuities or
mismatches in the RF transmission system.

Higher average power levels can be generated more easily
with the FM-CW GPR sjystems than with the short-pulse systems.
This 1s due to the fundamental problems associated with
generating narrow, high amplitude pulses. Also, low-PRF pu

S
radars must generate a higher amplitude transmitter pulse than
a high-PRF pulsed radar in order to achieve the same average

[

power level. As an example, a 292-watt peak pulse with a fiv
percent duty cycle produces one watt of average power. Cre-
tt RF amplifiers are easier to obtalin and less costly %than

22-watt RF amplifiers.

The GPR dynamic range is another important consideration.
The frequency-domain GPR systems tested had better dynamic
range characteristics than the short-pulse radars. Baseband
snort-pulse radars inevitably use broadband samplers on the
receiver front end. The samplers are noisy and have high noise
Lgares The frequency-domain GPR systems can avecid :tne e o7
adoand samplers on tne receiver front end, usually resulcing
a icwer receiver noise figure.

The complexity of the frequency-domain GPR system dDased cn
the network analyzer is much greater than that of the shoer:-

culse radar systems. This is true c¢f almost any freguency-
icmain radar, even if iz is not tased cn the HP 85'J3. A =zrulry
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H

rformance equency-dcmain radar must use a synthesized
\1CY source and a means cof frequency control.

more, the RF circuitry of the frequency-dcmain GPR 1
cmplex. Also, significant signal processing 1is usually
uired with the frequency-dcmain GPR in order *tc obtain
sily interpreted cutput iaformation. In contrast, tne sncor
ulse radars produce easily recorded time-domain output data
hat can be immediately interpreted to some degree without
gquiring further processing. dowever, to achieve optimum
rformance, signal processing must a.so be applied *to =n
t-zulse radar cuzput:
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ne time~dcmain GPR electronic eguipment Is smaller and
itighter than its frequency-domain counterpart. Zven though
nigh-power pulsers for short-pulse radar systems require la
power supplies than the lower-powered frequency-domain-tased
radars, the frequency-domain systems are still larger and

neavier. .

se radar systems are usually built to te
AP 8510, however, cculd not be ex
that some GPR systems receive in
d high-performance frequency domain
r, a large, complex, frequency-domain radar
may still exhitit less field reliability than comparable s
pulse radar systems.

The short-pu
uite rugged. T
he same treatme
Fad

'y
- O

Reliability is often a function of the system complexi<y.
Largze numbers of components within a system usually implies a
.ower mean time before failure than fcr a system containing
fewer ccmponents. To minimize reliability problems wizth a
frequency-domain GPR system, *he more complex subsystems, ucn
as digital signal processing components and vibration-sensiti--
ccmponents, may be permanently located in a vehicle in or“e =
minimize nandling by field technicians performing the GPR
measursmen<ts. Addi*ional reliability consideraztions woulld
nclude <the specificaticn of environmentally rugged componen-<s

ccmplex GPR sucnh as a frequency-dcmain radar sy
lecticn of rugged ccmpcnents may be difficult and expensive.

Another factor affecting the choice of a GPR techno
7sS*tem cost. The freguency-dcmain systems are usually £
ensive tnan the short-pulse radars. If FFT and frequ

cmain signal processing capabilities are added <o short-pu




radars such as those tested, thelr cosits will increase, buzt
tney will probably still be significantly less expensive than a
nigh-performance frequency-domain GPR system.

9.2.2 SELECTION OF THE OPTIMUM GPR SYSTEM

The following general specifications are requirements for
a nignh performance GPR system designed to meet the goals of
Zeep penetration and high resolution. The specificaticns ¢
=2 applied o any G? chnolcgy: Ireguency-domain, cr tTime-

The GPR system for utility location must be designed o
cperaze with several RF bandwidths. Three nominal RF bandwidzin
ranges are recommended: one for deep penet*a*ion and lowe.
resolution, one for medium penetraticn and medium resoluticn,
and cne for shallow penetration and high resolutlon. Th
sugzested bandwidths given below are meant as guidelines.

We recommend that for deep-penetrating, lower-resclution
rrlications, the RF bandwidth should be confined to a range
2F 52 MHz to 220 MHz. For medium-resolution, medium-
penetration applications, a bandwidth of 200 MHz to 600 MHz
should be used. For high resolution, a bandwidth of 500 MHz %o
1590 MHz is suggested. These RF bandwidths correspond to
approximate pulse widths of 6.7 ns, 2.5 ns, and 1 ns,
rescectively.

W

A pultiple-bandwidth GPR system will probably requirs a

separate antenna syst for =acn bandwidth. Nevertheless, for
Taxianum rerfgoraance, the GPR system should use a bistati
antenna configuraticn. This may present a problem at low RF

enci=s because eacn ¢f the antennas might be quite large.
uch a case, a monostatic GPR design can be used, buz
mance will probavbly not be as gocd a3 with a bistatic
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9.3 THE MAXIMUM PERFORMANCE GPR

Zased on thls program, GAR engineers concluded that a
' cased on a stepped-frsguency des:gn
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provides the highest performance capabilities.
can be built to meet *the dynamic range, sensitivity,
transmitter power, and RF tandwidth shape and flexibilizy
requirements for high-performance GPR applications more
than its pulsed, time-domain counterpart. Furthermore,
stepped-FM GPR utilizing a synthesized frequency source
potentially offers superior performance over the swept-rM
system due *to reduced phase noise effects and frequency

inaccuracies (see Section 6.3.1.3). However,

R
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[\

re

a swept-rM G

Such a systenm

average

§.

a
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N

can offer significant improvements 1n measurement sgeed cver
tne steppred-rM GPR.

The RF bandwidth shape of the GPR should be consisztent
with that of a monccycle pulse, or a similar shape, in ocrder -
match the antenna radiation capabilities and the soil
attenuation characteristics. Such a bandwidth shape can be

achieved by modulating the individual transmitted RF
frequencies, or it can be achieved by weightin
requency components. In general, weight
signals is the simplest technique.

i
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Z the received
i
One method of implementing a stepped-™M GPR would be
radiate each individual RF frequency, while keeping tne
receiver tuned to that frequency for a time equal to at
the duration of the <ransmitted RF pulse plus the maximum
time. Then the transmitter and receiver are stepped
next frequency, repeating the procedure until all of
frequencies have been radiated and received. fter
the received data from these individual frequencies,
measuremen=t is complete. The cycle is repeated again
next meas ment.
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ance goal in a stepped-FM system
frequency components with very
spectral content is impossit
the dividual transmictz

ed on and off, cr modulacze
The shape oI the puise used
quency 1s typically rectangular. Thus, 1
ncies acts as a "carrier" freqgquency for mc
approximate the spectrum of a CW RF frequency,
pulse mus< te infinitely long in duration,
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shorter modulaticn pulses broaden the spectrum of the
individual R¥F freguency components.

On the other hand, the design engineer wishes toc make the
modulation pulse narrow because this decreases the time =zth
the GPR must dwell on each frequency. Conversely, 1ncreased
modulated pulse widths decrease the harmonic content of th
individually transmitted RF components. A compromise must bte
eached between the modulating pulse width, the processing
hniques to be applised to the received waveforms, and *the
ir=ed measurement speed.

O
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Recall that the unambiguous range specification of the
stepped-FM GPR determines the frequency difference between the
individual RF frequencies that must be used to reconstruct a
T The specification of the overall RF bandwid:h
d the frequency component spacing determines the number cf
ecue”cy cocmponents required to span the bandwidtih. Thus,
ng at the minimum possible unambiguous range permi
e of fewer frequency components, which reduces the GPR S
complexity. An added benefit of the reduced number of rad
frequency components is a potential increase in measurement, or
scan, speed. On the o2ther hand, a reduction in the minimum
unambiguous range of the GPR reduces the maximum depth which
~an be "seen'" by the radar. Thus, a trade-off exists here as
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Some level of signal processing capability is clearly
required for the s+*tepped-¥M radar system. A minimum
quzrement is %o provide fregquency tandwidth control, to:n for
welghting functions to reduce the synthesized pulse sidelcte
e , and for RF bandwidth selecticn for different
ation or resclution applications. Additional signal
sing algorithms should include FFT and inverse-rF7T
re to allow advanced processing techniques to be app
eived GPR waveforms. The GPR should have :th
7 of waveform averaging to reduce noise effec N
aging, oI ccurse, would Lmpact the GPR measurement speed.
ALS0O, 1% may be desirable to provide a means of calibrat
remove undes red effects of cables and connectors, similar o
iobration capabilities of the HP 8%512.
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The GPR will require measurement data rates, cr "scan"
rates <0 at least 19 Hz, and should probably inclilude <he
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capability of a 59 Hz scan rate. These data scan rates will T-=
a challenge for a synthesized, stepped-FM design to accomplisn
due to the synthesizer switching sceed limitations. Hdowever z
swept-FM, or a stepped-rM system that does not phase lcck 10

tnhe individual fregquency ccmponents as
even higher measurement speeds.
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The receiver must utilize I and Q (in-phase and
quadrature-phase) detection to provide a vector representation
of the received waveform so that proper phase relationships
between the RF frequency components can be maintained. This is
a stringent requirement, because phase and amplitude
distortions, especially if only a few RF frequency components
are used, will result in errors when reconstructing the pulse.
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APPENDIX A

Measured Electromagnetic Properties of Various Scil Types




GEORGIA RED CLAY

A large sample of Georgia red clay (Cobb County, GA) was baked to remove
the natural water. Six smaller samples were prepared from the dry clay and deionized
distilled water with approximately the following water contents (percent water by dry
weight) 0, 2, 5, 10, 20 and 30%. The measured values of percent water by weight.
percent water by dry weight, and density are in Table 2.

The measured electrical parameters ¢_', ¢, o, and a are presented as a
function of frequency, 50 MHz < f < 1.25 GHz, in the two attached figures. The data
for the six samples are plotted on the same graphs to show the effects of the water
content. These graphs clearly demonstrate the increases in the dielectric constant «.
and effective conductivity o, that occur with increasing water content. The
attenuations for these samples are in most cases much smaller than those for the
Japanese soils.




RED CLAY

(Cobb County, GA)

NUMBER PERCENT WATER PERCENT WATER DENSITY

BY WEIGHT BY DRY WATER gm/cm?

! %0 z 0 144

2 2.0 2.0 143

3 4.6 4.8 1.35

4 8.7 9.6 1.66

5 15.9 18.9 1.72

6 12.3 28.7 p.33




RED CLAY — COBB CO., GA.
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SAND/WATER MEASUREMENTS

The electrical parameters of five sand/water mixtures were measured, and the
results are recorded in the accompanying graphs. The parameters were measured over
the frequency range 50 MHz < f < 3 GHz.

The "dry" sand was mixed with distilled water to obtain various percentages of
water by weight. The highest water content was obtained by completely saturating "he
sand. The parameters for the mixtures are given in the accompanying table.

Note that there are rtipples on the data for the higher water content mixtures.
The ripples are the result of nonuniform packing of the sand in the measurement cell.




Sample
No.

(Dry)
2
3
4
5

{Saturated)

SAND-WATER MIXTURES

Percent Water

Percent Water by dry Density
bv Weight Weight gm/cm3
- - 1.37
9.1 10.0 1.38
11.7 13.2 1.52
16.7 20.0 1.57
21.3 27.1 1.92
A-T

Nominal
Er

2.3

10
14

26




30 _T i ft—[ 8§ f ] 1R ) T1 ¥ 3 1 1 ' R R R LI I L) [-

- 5 ]

25 -

C 3

= -

20 -

9 C 3

W 15 4 —=

" 3

10 3 —— =

5 - 2 :

. E | -

O '-J 1 1 1 l 4 1 1t 1 ! t 1 1 1 l 1§ t Ll | S ) ‘ 1t 1 Lj
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Frequency (GHz)

[TTI’TI7fI1jlr]ll[fIIrT7erII

[ |

llllll_lJlJ_L_ll

>
W
»
WERELS

¥ TfrrlllelllliiiT]lll

1

L N
s an es sywsun ST BN, ST

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Frequency (GHz)




Conductivity (S/m)

Attenuation (dB/m)

80

> o))
o o

N
&

ole]

o

Frequency (GHz)

S R R ] R R I 1 1 l—l-rl T ¥ 1 I | o A l7 i 7 1
- -
- -
- e
- 3
- =
- =
P

: :1
o =
- -
- ) {1’"" ———rtT L 1 1 | l*L' 3
.0 0.5 1.0 1.5 2.0 2.5 3.

Frequency (GHz)
T 8 & T I 1R RIS I 1 G N O § l T 1 & 1 l T /1 ﬁl Y

r —ul
- =
[ i
0 7
N i
- N
i ‘ i
C T RIS BTN U S S U R ! %Aé
.0 0.5 1.0 1.5 2.0 2.5 3.0




JAPANESE SOILS

Samples from each of the seven Japanese soils were oven dried and used
to determine the water content. The results of these measurements (percent
water by weight, percent water by dry weight, and density) are summarized in
Table 1.

A brief physical description of each sample follows:

Sample 1: redish brown, soil plus clay, fine particles.

Sample 2: dark brown to black, sandy soil.

Sample 3: dark tan to gray, dry soil, several small rocks in sample.

Sample 4: mostly large soft rocks, some dark tan soil.

Sample S: dark tan to black, coarse sandy soil.

Sample 6: dark gray clay, .very cohesive, very fine particles, very
homogenous.

Sample 7: black clay with some sand and rocks, very cohesive.

The complex relative permittivity e = e:r‘ - jer" was measured for each

sample, and the effective conductivity ¥, and attenuation constant 2 (dB/m)
were computed from . The results are presented as a function of frequency,
30 MHz & f £ 1.25 GHz, in the attached graphs.

The average dielectric constants (real part of the relative permittivizy,

£ r') are graphed as a function of the water content of the samples telow.

A-14d




JAPANESE SOILS

NUMBER PERCENT WATER PERCENT WATER DENSITY
BY WEIGHT BY DRY WEIGHT gm/cm?

l 48 91 1.32

2 16 19 1.83

3 19 23 1.69

4 26 35 1.68

5 11 13 1.86

A 40 66 1.53

~3

20 25 1.86

A-11




Sample 1

60T T LA LA S LA AL AL AL L N | :
E 3
50 P~ oo0aa,, Y-
o Q0000 n
40 - .
-4 30k E
W 30 . :
- .
20 3
o -J
- -
10F .
C 3
O 1 ¢ | T S EE SRR T TN MU T AN M N T S O O N T T
0.00 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)
60 rrrr|yvrrvr g
50
40
:'co"' 30

UTlerll'lTlllllrlllllllTlll

0F
]
OLlnLitLLllL??oLlenllllL4
0.00 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)




Conductivity (S/m)

Attenuation (dB/m)

Sample 1
10T ' LN B LA LI SR A

L .

o N
0.8 -
0.6 F -
0.4F 3
0.2F 3

o N
0.0 C 'S BRI SN IS SN0 N T TS A NS WA N VA NN A TN TN M B

0.00 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)
ZOO_r LANL BN B LB S B S S S A N B B LB N N S B S
150 |- =

N .
100 — p!

: %
50 B —

O " SRR NS T T T ST SN N N A A S SN A I N R A
0.00 0.25 0.50 0.75 1.00 1.25

Frequency (GHz)




Sample 2

60 llTIll7IlIlT(ll-ﬁTfllirll

50
40
W 30

20

llT‘nﬂlnllllnlllln

LllllL IlJlllllllllllllllllJl

10

'l_lll'T

ll!_Jill]llLl!Jil!lJLLl)J

0 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)

=)
o

30 lljfliffr[lfil[folllTiﬁ

lllllllrllriﬂllll1llll1l
lllLlLlllllllJllJllllJlllll

;—0
~ ©

—-r P
')
9))

Co o
O rrrT
(]

of
N—
oL

(@)

(9)]

()

or ¢




Conductivity (S/m)

Attenuation (dB/m)

o
&)

o
N

o
w

o
N

it
-

o
oo

200

[y
19)}
o

[Oy
(@)
O

(6]
(@)

=)

Sample Z

_7 1] § i ' | R R ] ]7 RS 1 ]'j i i hr]’ {1 1§ 1 § ]

-

C

"

-

:- n 09 Q9 225

T T I ST I

00 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)

-.—I i T 1 r | 1 4 ‘1 R i 14 ' ¥ 1 § i & _‘ 4 1 T—r-}

N ]

- —

C -

- .

5 ]

- c o099l ]

~ [ [l [ Ll ) S I B | L | 1 1 l 1 | I N | l 1 1 1 L-

00 0.25 0.50 0.75 1.00 1.25

Frequency (GHz)




Sample 3

60T T T T T T T T T T T T T T T[T T

C .

50 -
p

-

: :

40 =

p -

- : :

W 30 -

L 3

- -

2():T°\Ehf*1}41 .q

o 'CCAAAAAQQDI)AJ\QASE 3

p -l

105- _:

- -

«SN N T T SN SN N NN B SN N NN N N O N NS N N N BN N N M

o
o

0 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)

30

T

L T‘1 L L L l LR ' LRI I L S S I

25

20

n
r

w 15

10

©
- O

IIIIIITIIlIlTIYllllllljllll

=4 -
A4
{ !

-~ Q@

N~ a
| S S N J ) A l 1 1 1 1 . 1 | N

| 4
0.25 0.50 0.75 1.00 1.25
Frequency (GHz)

OCo o
o
o




Conductivity (S/m)

Attenuation (dB/m)

O
O
T

o
>

O 1llﬁlﬁﬁrl[rt1r|1llt|lrl

o o
AV) w

o
-

o
Co

N
o
o

— -
O (@]
o o

(@)]
o

Oo

Sample 3

-TI(lIﬁTTf'I—(TTIIfTT'lTIT>

l!ll!LllLlLllJlL!lLLLilL

0.25 0.50 0.75 1.00 1.25
Frequency (GHz)

B | SRR L l S 1 1 l i { L g ﬁ" | R S L 7 1 i 1 i R
- -
r -
C ]
» -
. =z
C ]
- * )
o 6 q000 I
[ -
| I A L | R . N 1 J ] 1 1 1 l | I | 1 1 l 11 1 1 R
00 0.25 0.50 0.75 1.00 1.25

Frequency (GHz)




Sample 4

60 TTIIITII—f1roIII71TrlTT ]

50

40

W 30 VVVUquvuvvug
20
10 :
} S | 11 L | B N S N l 11 1 1 ‘ | S S | l 1.1 Lt
0 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)

60 ‘rrI]—fTrilTrxTTtirT(xf.T’
20
40

.

o-o0oovo <
WV OV W W

@
L))

!

r

{
q

q
¢
q
o

m]lllllrlllllﬂI ll'l'l17!

©o
o

-
-
-y

LJ_.L!lll!Jl!llLLlll_lL,llLl

0
0.00 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)




Conductivity (S/m)

Attenuation (dB/m)

Sample 4

-
o
1

jli‘flil]llllrffrTTlTerr

0.8 =
C R
0.6 F -
C o d
0.4 S
C R
0.2+ =
" N
0.0-1nLllL:l:JlliL[LLLLLLL44:
0.00 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)
200 N ro T jrrrrypr o e
- -
- -
150 _:_- ':’
100+ =
50 -
: :
a 1 1 1 1 l 1t 1 1 l | . i 1 1. 1 l g 1 1 ¢ N

=)
o
o

0.25 0.50 0.75 1.00 1.25
Frequency (GHz)




60
50

40
<20

10

)
o
o

30
25

20

N

W

10

Co o
o
O-.

Samp’e 5

ITT]"ITII]"TrI]rITJ1TII

TT'[IT'IIIIlllrl1l'r‘|1rl'l‘lr

lllllllLl!lLJ__lllLL!lll

-

llllllllllUlJlllllllll

lll.ll

!

0.25 0.50 0.75 1.00
Frequency (GHz)

1.25

Tl]TllTlerIll[ITrl]"rf[

IIFTUTTVIIITT' lTlT'”IfllT'

et

-

lllljlllllllllllilllllllllll

lllLllllll

b

5

O»—
mr—-

0.50 0.75
Frequency (GHz)

.




Conductivity (S/m)

Attenuation (dB/m)

Sample 5

0.5 C LU S S B BN N S B IR D R L B NN N O S (Y N B S .
- :
0.4 3
- ]
0.3 -
: 5
0.2 3
: a
0.1F 0500000008 0-0TTTCOL
POSS s ]
0.0 IR S NS AN YOS U SN WA N AN U TN S (N WO S AN S N NS S SN s
0.00 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)
200_? L R} i I h L 1 Tf‘ ‘v L § T‘| . [ S r | L R L ]
150 -
:
100 —
[
50 - i
_WC M S
1 i | l 1 1 i LJ_[ 1 . l | . 1_1____[ 1 L‘Lj

0
0.00 0.25 0.50 0.75 1.00 1.25
Frequency (GHz)




!

&

)

8!‘

Sample 6

2
o

LR LRI l L ] UL f UL T LS

g O
o O

r
N
o

= DN W
o O o

ll"[lll'lﬁ'llfl"lllll’lllllIIIT

lJllllllLlJLLLlljl lllljlljllj_llJL

llLlillllJ_LLLllllll!ll!

0.25 0.50 0.75 1.00 1.25
Frequency (GHz)

Co
O
oL

’. -

Vo W . .. S
¥ v v v IIrI'IfIlIfrfI[erT

2
o

1

W H» O O
o O o O
|AARANRRARS RARES LARRA LERAS RRAL)
waadon o by uden

—~ N
o O

OCo
Orrrrm
o

1liljlll

il_lLllJLJliLlllLJlllJJ_J

0.25 0.50 0.75 1.00 1.25
Frequency (GHz)




Conductivity (S/m)

Attenuation (dB/m)

Sample &

RO T T T T T T T T T T T T T T ]

- -

i :

15 -

: ° O oo ——-0-C—e—ovox 2 s

1.0 -W 3

05k Z

0.0 USRS TN TR SO S TN (N0 VNN WK W WO AT ST SN U G U G S
0.00 0.25 0.50 0.75 1.00 1.25

Frequency (GHz)

400 LENLAL AN AN A NI B B BN BB N N B B B SR

- -

s A n °%

300 |- 00 e IO o

- -1

. ]

200 - ]

- ' ]

100~ —

i ]

N ]

OPLllLJ#IILiLL#[[[ll!LIlLI-
0.00 0.25 0.50 0.75 1.00 1.25

Frequency (GHz)




Sample 7/

(¢)]
(]

TTIrrI(ITrIlTvﬁITlfl[frl

0}
o

K
o

!

8!’
W
(@)

/
é

|

Ryt

D
O

—
o

J lLllJLJ_Ll!JLJ_LIJJ

-
r.

L

-4

-
-
L
-—
ey
-—
—-—
-
-
—
-
-y
-
-

1

o WTrrlTll’lel]lrllTl'IITIIFVTT

O

0.25 0.50 0.75 1.00
Frequency (GHz)

1.25

60T ! LA LI LA IR AL AL AL (LS MR BN Rew
50 - =
: .
40 —
C 3
-wu 30 - 3
26 F E
E ]
10 —
= - OO0
O - RE TS WL AR Y N N M N DX N U N N A NN S NN S R N S Y
0.00 0.25 0.50 0.75 1.00 1.25

Frequency (GHz)




Conductivity (S/m)

Attenuation (dB/m)

o o o o =
N > » (o4} o
O TTT[TITT[ITTI I TTITTI[TTT1

©
oo

200

—
10))
o

100

(0]
(@]

So

Samp)e 7

TTI(IIIIIII]TTTTTIrrIﬁFIY

llllllllllllLll

(4}
(V)
D
1
u\

lllll

1 LLLLJ._LJ._LLI | I !__1 ) IS I

1 ’ 2
0.25 0.50 0.75 1.00 1.25
Frequency (GHz)

r- 1§ T 1 T'[ [ 1 { 1 1 l § d 1} i T LR ¥ 13 I ¥ 1 | S i
. ]
5 N
N -
- ]
- )
o 3
" i
C ]
- .
| .
B 1 1 1 1 LL 1 )] 1 l 1 ) NS . 4 l*LJ__L Ll .1 L-
00 0.25 0.50 0.75 1.00 1.25

Frequency (GHz)




APPENDIX B

Measured Electrcmagnetic Properties of the Clay Shals and
lay Schist Used in the Soil Model Pit
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BICKERSTAFF CLAY MEASUREMENTS

The electrical parameters of two types of clay obtained from the Bickerstaff
Brick Co. were measured, and the results are recorded in the accompanying graphs.
The parameters were measured over the frequency range of 0 - 2.0 GHz. The first
two sets of clay samples were taken at Bickerstaff and included a sample of clay
scnist and a sample of clay shale.

The first two sets of samples had the following properties:

Density Percent Water to Dry Weight
Schist 1.88 gm/ml 21
Shale 1.92 gm/ml 14

Two additional sets of solid electric property measurements were made using a
sample of schist from the test tank. The two sets of measurements were performen
with different packing densities of the samples in the test cell. These measurement
resuits appear beginning on pages B-9.
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APPENDIX C

HP8512 Network Analyzer System Overview - Zxcerpt frcm the
HP8510 Manual
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L2 8310 Network Analyzer Operating and Progranmuming

INTRODUCTION

The THP 8300 nevwork analyzce systen s an advanced and sophisticated measur-
ing mstrament designed o make microwave measurements ol many kinds. But
the basic principles ol its operation are Fairly simple. The information in this par:
ol the HIP 8310 system manual s designed to help vou get the most from your
HI2 8310 system by explaining some ol the basice principles ol its operation and
the equipment that shoufd be used with it Actual measurements are described in
the nent section of chis manual. as an lnwroductory Measurement Sequence.

In the present section, the TP R3O0 network analyzer system s described and a
Copteal measarement o explained moterms ol g system block diagrani.  Digitai
nucroprocessing of the data, sources compatible widh die HP 8310 svstem. anc
the TP S3TO systen cesi sets are also deseribed using block diagrams.

Extremely accurate and comples measurements are possible witli the HP §310
svstent and Tor this reason accessories such as cables. attenuators, extension lines.
adapeers. and calibration and veritication kits are unusuaily important. Acces-
sories which should be used with the HP 8310 svstem are listed and discussed
arter the system. its souices. and its test sets, have been described.
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HP 8310 Network Analyzer Operating and Programming

BASIC PRINCIPLES

Vector network analyzers such as the HP 3510 network analyzer system measure
the magnitude and phase characteristics of linear networks such as filters, am-
plifiers, attenuators. and antennas. As with all network analyzers. two kinds of
measurements are made: reflection measurements and transmission measurenients.
An incident signal generated by an RF source is compared with the signal trans-
mitted through the device or reflected from its input.

TRANSMISSION REFLECTION
INGIDENT ‘ gﬂs;( | TRANGMITTED INCIDENT | . fzsr ( i

Transmission measurements are made by comparing the transmitted signal to the
incident signal. This results in measurement data on transnussion characteristics
ol the network such as:

Insertion Loss or Gain.
Transmission Coetticient.
Electrical Delay.
from which Electrical Length can be obtained,
Deviation trom Linear Phase,
Group Delay.

Reflection measurements are made by comparing the reflected signal 10 the inci-
dent signal. This results in measurement data on retlection characteristics ot the
desice such as:

Return Loss.

Standing Wave Ratio (SWR),
Retlection Coetlictent.
Impedance.

Viathematical analysis-of transmission and reflection data on the swept response
ot the network also makes 1t pussible (o determine the position and maznitude of
anpedance changes with respect 1o i reterence plane. This analyvsis. cafled rime
domain analusis, s done using Fourier Transtorm principles and is possibie on HP
3310 network analy zer systems equipped with time domain Option 010,

Cieneral Inforaoon 3
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Operating and Programming HP 8510 Network Analyzer

HP 8310 NETWORK ANALYZER SYSTENMI

The HP 8310 network analvzer svstem has four essental parts:

Josouree,
a test sct.
a signal detector and analog-to-digital converter, and

a digital microprocessor and displav.

The source provides the RF signal. The test set separates this signa! into an inci-
dent signal sent to the device-under-test and a reference signal against which the
transinutted and retlected signals are later compared. It also receives transmitted
and retlected signals from the device-under-test. The signal detector and analog-
to-digital converter takes all of these signals and converts them to digital informa-
tion tor high-speed processing. The digital microprocessor controls the system.
analyzes the digitized signals. corrects errors. and displays the results in a variety
of formats. ’

In the HP 8510 network analvzer svstem, these essential parts are individual HP
mstruments contigured together make up the HP 3310 systen:

HP S34x-series svinthesized sweeper.

or

FIP 833x-serics sweep oscillator with an appropriate

HP 835xx-serics plug-in,

HP 831 x-series test set:

HIP 353102A IF detector:

HP 83101 A display processor.

Additional syvstem components can include hardcopy output devices such as a
printer and or a plotter. and an HP series 200 computer serving as an external
controiler for programmed operation.

oo Cieneral Information
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Operating and Programming P 8510 Network Analyzer

SYSTEM BLOCK DIAGRAM

\ stmpiificd vock diagram of the HIP 8310 network analvzer svstem is shown in
Fioure A

As Pigure 3 shows, the HP 8310 network analyzer is a high performance vector
receiver with four puts, two independent measurement channels, and an internal
microcompuier {0 automate measurement and data processing operations. A
soecial Svstem Bus provides Fast digital communication between the instruments
that mahe up the svstem, allowing the network analyzer to make full use of the
source and fest set capabilities, This intertace also provides direct data transfer
o the ardeopy device for neat. permanent records of the measurement displa.

“During o tvpicar measurement with the source operaung in the ramp sweep

mode. the souice is swept From the lower to the higher measurement frequency in
a linear ramp. Signal separation components in the test set apply a portion of the
incident signal and the responses from the device under test to the first frequency
CONversion stage.

Digital communication between the receiver and the test set pretunes the 635 to
300 MHz voitage-tuned local oscillator (VTO) so that one of its harmonics mixes
with the stimuius (0 produce a first IF frequency close to 20 MHz  Fine tuning is
accomplished 5y comparing the IF frequency with the internal 20 MHz cry stal
reference and sweeping the local oscillator to track the stimulus frequency.

When the 'ocat vscillator reaches its upper frequency limit, the sweep is stopped.
the local oscillator is retuned, phase fock is reescablished. and the sweep is con-
tinued. Since the fust local oscillator frequency is selected algorithmically from
the known stunulus frequency, the measurenient is free from harmouic skip.

e second {requency conversion produces an [F frequency ot 100 kHz tor
appiication w ihe detection and data processing efements of the receiver. Be-
cause the freguency conversions are phase coherent and the IF signai paths are
caretully matchied. magnitude and phase xemuonshlps between the input signals
are maintained moughout the trequency conversion and detection steps. Auto-
matic, fully catibrated autoranging IF gain steps maintain the [F signal at opti-
mum levels tor detection over a wide dvnamic range.

4 Greneral lirociaton
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Fivwre 30 Simplifwed Block Diagram

The rererence detector channel ‘can use either input ay or a- as the reference
stgnal. The test detector can use anv of the inputs as the test signal. During the
vaweep, the selected mputs are sampled up to 401 times, with sample timing ac-
complished Ly sensig the 0 to 10 volt sweep outrput trom the source. With 201
pomts sclecred. at each positive 0.025 volt change in the sweep voltage all selected
mputs are sampled and applied 1o the reference and test synchironous detectors.

The surchronous detectors develop the real N and imagmary (Y) parts of the
v2ads Toe NUY pans are sequentiaily converted to digital values and read v e
Centrat Processing Lt «CPU ) Then digital techniques are used that practicails
chinmmate  dott offsets, and  cierularity errors  as sources of  measurement
et tant .
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Opcerating and Programming HP 8510 Network Analyzer

POST-DETECTION DIGITAL SIGNAL PROCESSING

Post-detection digital signal processing (Figure 4) proceeds under control of the
CPL. a microprocessor equipped with 256 kBytes of RAM. 256 kBytes of mag-
netic bubble memory, and 26 kBytes of ROM.

The CPU takes advantage of multi-tasking software architecture and several
distributed processors to provide a very fast display update rate. It accepts the
Jigitized real and imaginary data and corrects gain and quadrature errors before
the reference and test pairs are ratioed and stored in the raw data array. If
averaging is on, the incoming data is averaged with the existing data as it is
stored.

While the data acquisition software is continually filling the raw data array. the
data processing software is processing the data for the two independent display
channels.

If error correction is turned on, tne raw data and error coefficients from the
selected calibration coefficient set are used in ,appropriate computations by a
dedicated vector math processor. Next, phase offsets commanded by the electri-
cal delay and reference plane extersion are added to the data. If a time domain
presentation is selected. the corrected data is converted from the frequency do-
main to the time domain using the inverse Fourier Chirp Z transform technique
and stored into the corrected data arrays.

The memory arrays are Filled from the corrected dota array under control of the
user with trace data lor use in vector computations with the current corrected
data. If trace math is selected. vector multiplication. division. addition. or subtrac-
tion is performed. The resulting data are tormatted according to the FORMAT
selection. point-to-point simoothing is applied. if selected. and stored into the for-
matted data arrays. The traces are now scaled. and output to the display memo-
rvowhere the trace data is combined with various CRT annotation data. A dedi-
cated display processor asynchronously converts the formatted data and annota-
tions for display at a flicker-free rate on the vector-writing CRT,

When the operating system detects a front panel button push. it executes the com-
mand immediately (as when a parameter change is made). or it makes the se-
iected function the active function and awaits input from the knob, numeric pad.
or STEP keys (as when there is a scale division change). or it presents a softkey
menu. Selecting some functions aborts the data processing operation. For exam-
nle. MEASURENMENT RESTART restarts all measurement related functions to
the beginning of the data acquisition group (a group is that number of sweeps
needed (o make the measurement completely: how may sweeps are taken thus
depends on the measurement), PRESET nitializes the system to a pre-defined
state.

10 General Information
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SOU RCES

The RIEF source in an HIP 8310 network analyvzer system can be either an HP
S3dv-series synthesized sweeper or TP 833v-series sweep oscillator with an HP
R3sxa-series plug-in (Iigures 3 and 0). Uhese sources have the correct analog
intertace signals and Full compability with the digital 8510 System Bus. If an
HP 833x-series sweep oscillator is used. both the sweep oscillator and the plug-in
may need to be rewrolitted with certain later revisions of the lirmware to be
compatible with the HP 8310 system. Consult vour Hewlett-Packard representa-
tive it vou need more mlormation on compatibility questions.

The 3310 system bus allows the network analyezer 1o act as the system controller
by managing the source using standard HP-1B protocol. Capabilities added by
the svstem bus include alternate sweep. in which a different frequency range
may Le selected ror each measurement channel and control ol necessary source
functions using the FIP 8310 I'ront panef controls.

Both tvpes of sources can operaie in the Ramp Sweep mode. in which the net-
work analvzer directs the source 1o sweep in & hinear ramp over the selected
frequency range. HP 834\-seriec instruments provide better performance in this
Ramp Sweep mode than do HP 833v-series instruments. because of the "Lock-
and-Rol" tuning technigue used v the TP 834N sevies. In this "Lock and Roll"
technique. the tirst Frequencey of he sweep is set with svathesizer accuracy and a
lincar analog sweep procecds 1o the step Frequeney. For sweep widths less than 5
NMidz Tuiy locked svathesizer peormance is obtained over the complete sweep.
Instruments in the FIP 8331 series re open-loop YIG-tuned sources,

The HP 8340\ can also opurate m the Step Sweep mode. In this mode. syn-
thesizer-class Urequencey accuracs and cepeatability s obutained by phase-locking
the source at each of the up 1o <0t frequeney steps over the selected frequency
ranze. This mode provides the hrJhiest accuracy although at a reduced meosure-
ment speed.

[2 General Intormation
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Operating and Programming LI 8510 Network Analyzer

TLST SETS
The HP S3ta-serics test sets m the FIP 8310 network analvzer svstem have three
aaun Yuncuons. They provide:

the input output ports to connect the device-under-test;

signal separation to separate the reference and test signals;

and RF to 20 MHz conversion.

"The HP S3TTA frequency converter differs slightly in that it does not have sig-
nal separation devices. thus allowing custom contigurations.) The trequency con-
verter is tully integrated inco the signal separation path to provide optimum per-
formance. Taking the test-to-reference-signal ratio in S-parameter test sets after
electronic  switching eliminates  signal  path  selection repeatability errors.
Parameter selection is controlled from the network analyzer front panel.

Tuble I HP 851x-Scries Test Sets

1
! Test Set Model Test: Input Port Frequency !
| Number. Ty pe Connector Range ;
HP 8311 A Frequency 35mm () 0.045 - 26.5 GHz ;
Converier '
FIP 8312A Reflection, 7mm 0.500 - (8.0 GHz ,
Transmission ’

FIP 8513A Reflection; 3.5mm (m) 0.045 - 265 GHz
Transmission ]
HP 831<4A S-Parameter 7imm 0.500 - 180 GHz !
HP 8313A S-Parameter 3.3mm (im) 0.045 - 26.5 GHz

NOTE - HP 8312 and HP 8514 test sets are usable to 0.043
GHz although with degraded performance specifications.

Greneral Intormaton
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Reflection, Transmission Test Sets, The P2 8312A and 112 8313A reflections
transmission test sets (Figure 7) provide automatic <election off Sypoor 8>y, Fully
crror-corrected measurements for one-port devices can be made using (e [-Port
calibration procedure. The comprehensive One-Path 2-Port caiibration procedure
provides (ull crrov correction 'oc two-port devices i the device-under-test is
manually reversed. The HEP 8312A test set must use a 20 dB attepuvator at the
device end ol the transuission retuen cable: the P 851 3A test set must use a 10
dB avtenuator at the device end ol dhie triansmission rewurn cable.
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S-Parameter Test Sets. The HP 3314 and P 851532 S-parameter test sets
tFigure 8) provide automatic selection of Sy 1. Say. Sy and Soo. “tue “timulus s
automaticait. switched Tor forward and reverse mcxsmunuus allowing tully
error corrected measurements for one- port devices and for two-port devices
without the aeed manually to reverse the device-under-test. Bias input and sense
connections are provided to allow testing actise devices. Internal 0 to Y0 dB. 10
dB step attenuators are provided to control the incident stimulus leve! at the
device-under-test input. without causing a change in the reference signal fevel.
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Custom Test Sets. To contiigure signal separation of your own design, use the
TP 8311 Trequency converter (Fieure 9). I your test setup does not follow
the conventions ot the reflection rransmission or S-parameter test set, use the
RUDCEFINLE PARAMETER sequence of the HIP 8510 system to select appropri-
ate relerence and test inputs 1o be used For the measurement.
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45 mMW2-26.5 GHz _ _ _ _ | 20 aMz
] 1
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TEST PORE RETURN CABLES, ATTENUNTORS

Flich quality cables, attenwtors, adapters. and other accessories are essencal af
one I o achieve accurate. repetable measurcments, Worn or unstable cabies
aud connectors will inerease measurement errors due 1o directivity, mismatch. and
Frequency response eltects. Cheek cabies and connectors regularly and replace
dhem whenever necessary,

Test port return cables used with an HP 8310 network analyzer system must be
durabie and stable. and care is mqunul to avoid damaging them. Cables can be
destroved by excessive tless than S-inch radios) bends. Even with carelul use.
canics do wear out evenwallv, and For this reason all cables should be treated as
consumable tems 1o be !c;)l.ucd as olten as necessary.  The most important
churacieristic of afl cables is munimum magnitude and phase change between
mos ements (Flesures) of the cabie. Replice a cable when large magnitude and:or
phase changes ovccur when the cable is moved.

Ihe cables recommended below. in good condition. must be used for detailed
nerformance veriticaton ot the HP 8310 svsterh. These cable sets have low in-
sertion 1oss. good clectrical mateh. and high return loss. and they are stable in use.
For uther .mplm.muns any high quality cable set can be used.

Recommended cables and (when required) 20 or 10 dB attenuators tor the test set
contiguratons that can be used moan FIP 8310 network analvzer system are:

[ilte 20 Rocanunended Cables and Aneniators

; Tost Set Test Port Return Cables,

iL Model Number Connector Attenuators

—

! HIP 8312A 7 aun HP 85132A, 849Y2.A-020
HP 83134 3.5 mmom) HP 85131A. 8493C-010
! HIP 83514A 7 mm HP 85132B (2 in set)

E Hi? 8313 3.5 nun o) HIP 851318 {2 in set)

LS Coencral Lo mation
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EXTENSION LINLES

Cxternal relerence-signal-path extension lines on the test set rear panels are used
to balance the reference and test signal path lengths according o the port | and
port 2 connections to the test device. These extension lines (and the signal paths
they apply 10) depend on the test set and are as follows. The standard lengths
described in the next several paragraphs balance the cable configurations already
listed in Table 2.

TEST SET LABEL SIGNAL PATH

Reflection-Transmission Test Sets

HP 8312A EXTENSION A by. by
ENTENSION B aj

HP 8313A EXTENSION A aj
ENXTENSION B by. bo

S-Parameter Test Sets

HP 85147 ENTENSION A aj
ENXTENSION B a»

HP 8313A ENTENSION A aj
EXTENSION B a»

Reflection/Transmission Test Sets: HP §512A, HP 8513A. \When using a stan-
dard test setup (HP 33132A or HP 85131 A cable and attenuator) with a device-
under-test connected directly (0o Port [ use the short extensions. HP part number
08312-20019. On these test sers. one ol the lines is in the test signal path. and this
fact makes it possible to add Lias tees. step or fixed attenuators. amplitiers. isola-
tors. or other devices.

S-Parameter Test Sets: HP 8514A. HP 8515A. When using a standard test
setup wieh the device-under-test connected at the ends of the HP 83131B or HP
S3132B test port return cables. use the long extensions. HP part number 08414-
20013, When connecting the device-under-test directly at Port | and using a
syingle HP 831312 or HP 85132A cable. use the short extension lines. HP part
number 08312-20019. - -

Evtension Lines may be changed to other lengths of high quality cabie (low inser-
ton foss neh return loss, stabie i use) m order to balance electrical fenaths i
other coutigurations. Signal path balance is less important when using the HP
$340 v:nthesized sweeper, partcularly in the Step sweep mode.

General Intormation v
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\DAPTLERS

[t adapters must be used to connect the devices under test. use onlty high-quality
adapters such as those supplicd in the TP 830352 (3.53mm) and the HP 83034
(1ype-N) calibration ks, Keep the mating surtaces clean, inspect all connectors
vistietly betfore every use and use connector gages 1o verify that the mating
tolerances are within specifications. Always use a torque wrench, set (o the cor-
rect torgue. when tghtening or remos ing connections,

Tost osets which have 33nmm connectors on the test ports (eg. HP 85i3A. HP
S3E3A) can be used with test port return cables which have 7mm connectors by
b

asing the adapters i the TP 33150 special 3.3mm-to-7nun adapter set. These
dadapters provide a vugged mrerlace Por attaching the 7mm test port return cauies.

For best results. these HP 83130 adapters (not the adapters in the HP 83032
J3mm calibration kit) should be used i 7mm calibration or verification devices
are used ror calibration or performance veritication of a 3.5mm test set (e.g. HP
8313 or HP 8313A). The adapters in the calibration kit are suitable only n the
opposite case. when 3.3mm devices are used with’a 7oun test set.

de available to DTIC does net
permit fully legible reproduction
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CALIBRATION KITS

Use only the highest quality calibration standards: devices which have a known
response and aire stable in use. Only if the calibration devices used have an ac-
curacy equal to or greater than those in the HP 8§5050A (7mm) and HP §3052A
(3.53mm) calibration kus will they provide the calibration and error correction
accuracy needed to achieve full, specified measurement accuracy with the HP
3310 network analyzer systen.

Also Lbe aware that calibration standards, like all devices, can become worn and
unstable with use. When a calibration device is no longer stable and repeatable.
or shows signs of connector damage or wear, it must be replaced. Detailed han-
ahng and storage instructions appear in the calibration kit operating and serwice
maanuals.

Characteristics for the standards in the HP 85050A (7mm), HP 830524 (3.5mm)
and HP 83054A (Tvpe-N) calibration kits are loaded from the tape cartridge
supplied with the calibration kits. Characteristics can also be defined by the user.
Each catibration kit is supplied with a data caruidge on which is stored the
nominal characteristics for each of the calibration devices in the kit

The HP 85030A Toun calibration kit consists of open and short circuit termina-
tions. tired and sliding loads. a 7mm connector gage, gage calibration dlock and
aidgning pul. extra precision 6-slot center colfets, a center collet extractor. a “mm
connector torque wrench, and the device data cartridge. Option 010 adds a 30
¢m beadless airfine. whith is used for time domain applications.

The HP 83032A 3.5mm calibration kit consists of male and female open and
short  circwit  terminations. fixed and sliding loads. 7mm-to-3.5mm adapters.
matched 3.5mm-to-313mm adapters. a 3.3mm connector torque wrencii, 3.3mm
connector zages and gage calibration block. and the device data caruidge. Op-
ton 010 adds a 15¢m beadless airline. which is used for time domam apoptications.

The HP 83034 Type-N Calibraton Kit consists of male and female Type-N
open and short circuit ternunations, fixed and shding loads. 7mm-to-Tvpe-N
adapters. and the device data cartnidge .

When other calibration kits are used. nominal characteristics of the standards ¢an
he detined by the user from the {ront panel of the HP 8310, using the MODIFY
CAL KIT sequence descgibed in Measurement Calibration part of this manual.
Ater the calibration kit standards are detined. the data can be recorded on rape
then Joaded Urom tape whenever reguired.

General Informaton
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VERIFICATION KRITS

Performance veritication standards are used to determine that the svstem can Le
cahibrated and produce good measurement results, Devices in the verification Kits
are precision devices which should be treated with care and used only in specific
situations. not on a dav-to-day basis. These devices have been characterized on a
standards-class network analyzer by experienced factory personnel. If you use
proper calibration and measurement techniques, your measurement results should
be comparable o the data supplied with the devices, within the syvstem
specitications. :

Oniv weritication devices which have an accuracy equal to or greater than those
m the HP 83031 A (Tmwm) and HP 33053A (3.5mumy veritication kits can be used
to vertt'y HP 8310 network analyzer system specifications.

The HP 83031A ("mm) and HP 83053A (3.5mm) verification kits both include
fixed attenuators (20 dB and 30 dB for 7mm, 20 dB and 40 dB for 3.5mm) and
beadless and stepped two-port airline mismatch standards. Data for the devices
includes a device data sheet which lists fully ecror-corrected data and measure-
ment uncertainty data on all devices in the kit at various specified frequencies.
This measurement uncertainty includes both the uncertainty of the HP factory
measurement svstem and the specitied uncertainty of the user’s systen.

The device data sheet with the HP 830531A Tmm veritication kit lists data at 20
frequencies, 19 ol them within the specified range of the HP 8512A and HP
8314 test sets. The device data sheet with the HP 83033A 3.53mm verification
kit listy data at 18 trequencies. The data cartridge contains formatted trace data
on the devices betore they were shipped from the factory. as measured o4 a
standards-class 1P 8310 network analyzer system. The formatted trace data
contains information for 201 frequencies.

To verit'y system performance using these standards. perform standard 7mm or
35mum two-port calibration and measurement procedures. present corrected
response of standard device. then read the marker at the soecified frequency
points and compare our measured data with the standard data supplied with the
devices. Reter to the Pertormance Tests section ot the HP 3510 svstem manual
For detailed suwstem performance serification instructions.

2l
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HIP 8310 Network Analyzer Operating and Programming

INTRODUCTION

This part of the HIP 8310 network analyzer system manual explains how 1o make
reflection and transmission measurements i the time domain.  Measurements
actuath made in the frequency domain are transtormed mathematically into the
tme domain using the nternal high-speed computer in the HP 8510, and this
requires that the system be equipped with Time Domain Option 010. either at the
tnine of original shipment or by means of the HP 85012A Time Domain Software

Package.

e cme domain band pass mode s especially vseful For measuring band-iimited
devices and in making faudt focation measurements. The rime domain low pass
mode sunulates the taditional TDR measursment and makes it possible to deter-
mine the type of discontinuity present in a device. Both modes are explained
here. as are special time domain teatures such as masking, windowing, and gating.

Pione Doman Measwenents 249
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HP 8310 Network Analyzer Operating and Programming

GENERAL THEORY

The relanonsiip between the Fregquency Domamn response and the Time Domain
response ol” a network s deseribed by the Fourier Transtorm:

FREQUENCY DOMAIN TIME DOMAIN

[t s thererore possible to measure the response of a device under test (DUTH in
the Freguency Domain and then mathematically calculate the inverse Fourter
Transtorm of the data to give the Time Domain response. The internal high-
speed computer in the HP 8310 does this calculation using Chirp-Z Fast Fourier
Transtorm computation techniques. The resulting measurement is the tuily error-
corrected Time Domain retlection or transmission response of the device dis-
played in near real time.

In Figure ~0. the Frequency and Time Domain responses of the same device are
displaved.  The Frequency Domain refledtion measurement is a composite
response ot all of the discontinuities present in the device under test.

The Time Domain measurement shows the effect of each individual discontinuity
as g function of thne (or distance) The ume domain response shows that the
device response consisis of three separate impedance changes. with the second
discontinuity having a relfection coefficient magnitude of 0.013. This discontinu-
ity is located 1073 picoseconds from the reference plane relative to the speed of
hight in a vacuum. tIn the tme domain trace shown in Figure 76. the display and
the marker show the round-trip time to the reflection and back: 333 ps.)

t
4
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Operating and Programming P 8510 Network Analyzer

FINIE DONALN MODES

Fhe HP 8310 network analyzer system has two different modes ol operation for
Iime Domain measurements, Band Pass and Low Pass.

Fhie Band Pass mode. the most general purpose mode of operation. gives the Im-
pulse response ol the device, Band Pass will work with any device and over any
Frequency range and is the least complicated mode to use.

Fhe Tow Pass mode s used to simulate the wraditional Time Domain Reflec-
tometer (FDR) measurement. The response gives the user information to deter-
anne the 1y pe ol discontinuity present (R L. or C). The Low Pass mode will also
provide cither the impulse or step response ol the devicee,

N2 bioae Do Ncasaeig e
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HP 8510 Network Analyzer Operating and Programming

TIME DOMALIN BAND PASS

The Band Pass mode is so named because it will work with band-limited devices.
This s a distinet advantage over traditional TDR. which requires that che DUT
be able o operate down to de. With Band Pass there are no restrictions on the
frequency range of the measurement,

Reflection Measurements Using Band Pass

Betore making Time Domain reflection measurements, it is necessary to perform
the appropruite measurement cahbration.

e Press PRESET.

e Perform an Sy 1-PORT calibration.
Leave the sliding load connected and observe the Frequency Domain
response as the shiding element is moved.

e Press DOMAIN, TIME BAND PASS.

o Press AUTO to display the trace and observe the Time Domain
response as the sliding element is moved.

The typrcat Freguencey Domain and Time Domain responses ot a sliding load are
shown m Faaure 77,

5a3° - > .

ceza

LI

I requeney Domatn Time Domain Band Pass

Frewre 770 Mewswrement of o Stidine Load

-
]
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Operating and Programming HP 8510 Network Analyzer

Move the sliding element and observe the response in both the Frequency Do-
main and the Band Pass Time Domain. The Frequency Domain measurement of
the sliding load should change very little when the slide is moved (unless the cal-
ibration is bad). However. the Time Domain measurement shows the individual
response of the load element. and it moves along the horizontal axis as the slide is
moved.

Interpreting the Band Pass Response Horizontal Axis. In Band Pass reflection
mceasurcments, the horizontal axis represents the amount of time that it takes for
an impulse. lauached ac the test poit, to reach the discontinuity and return. Thus,
this is the two-way travel time to the discontinuity, which in Figure 77 is the load
clement of the sliding load.

The Marker reads out both the time (x2) and the electrical length (x2) to the dis-
continuity. The electrical length is obtained by multiplying the time by the
velocity of light in a vacuum (2997925E8 my/sec). To get the physical length,
multiply the elecirical length by the relative velocity of light in the transmission
medium.

In the Time Domain. the STIMULUS keys (START. STOP. CENTER. and
SPAN) refer to time. and they can be used to change the horizontal (time) axis of
the display independent of the frequency range chosen. This can be done using
the knob. step keys. or the kevpad. The kevpad terminators also refer to time in
seconds (with the lowercase prefixes).

Interpreting the Band Pass Response Vertical Axis. The quantity displayed on
the verncal axis depends on the format selected. Band Pass is PRESET to the
Linear Magnitude format which displays the response in reflection coefficient (p)
units. This can be thought of as an average reflection coefficient of the disconti-
nuity over the frequency range of the measurement.

Other useful formats are listed in Table 13. The Band Pass response gives the

magnitude of the retlection only and has no impedance information (R. L. or Q).
This information is available. however, in the Low Pass response.

Tuble 13 Usetfid Time Domwaint Band Poass Fornni

FORMAT PARADMLETER
LINEARNAG REFLECTION COEFFICIENT UNITS
LOG MAG RETURN LOSS (dB)

SWR SWR UNITS

254 Tune Donunn Neisueements
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Faualt Location Measurements Using Band Pass

The Band Pass mode is very uselul in making fault location measurements.  Fig-
ure T8 shows the Band Pass Time Domain measurement of a length ol coavial
cable having multiple discontinuities and terminated in 50 ohms, Note the respon-
sy of cach discontinuity and of the terminating element.

I B e =

S
AN A A T

Frewre 780 Cable Fault Locatton M easurement Using Baid Puass

Also. because the Band Pass mode will work over any frequency range. it can be
used 10 do Tault focation in band-limited transmission media, such as waveguide.

Time Domain Measurements

19
wn
3




Opcerating and Programming HIP 8510 Netvwork Analyzer

Transmission Measurements in Band Pass

The Band Pass mode s also uselul in making transmission measurements. Before
making Time Domain transmission measurcinents, it is necessary to perform the
appropriate measurement calibration.

» Press PRESET.

e Perform an Sy 3 RESPONSE, FULL 2-PORT. or ONE PATH 2-
PORT calibration.

e Conpect a 20 dB coaval atenuator and observe the Frequency

Domiain response.
e Press DOMAIN, TINME BAND PASS.
Press AUTO to display the wrace.

The Frequency Domain and Time Domain responses of a 20 dB attenuator are
shown in Figure 79.
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HP 8310 Network Analyeer Operating and Programming

Interpreting the Band Pass Transmission Response Horizontal Axis. In Time
Donuiin ransimission measurements. the horizontal axis is displayed in units of
time., The response ol the thru connection used in the calibration is an impulse at
t = 0 and with unit height. indicating that the impuise made it through in zero
tme and with no loss. When a device is inserted. the time axis indicates the prop-
agation delay or electrical length of the device. Note that in Time Domain tmns-
nussion measurements, the value displayed is the actual electrical length (not x2).
The Marker reads out the electrical length in both time and dlsmnce. You must
muitiply the distance number by the relative velocity of the transmission medium

to get the actuat pnysical length.

[nterpreting the Band Pass Transmission Response Vertical Axis. The vertical
axis displays the transmission response in transmission coemcnent units (t) in the
Linear Magnitude tormat and the transmission loss or gain in dB in the Log
Vagnitude tormat. This can be thought of as an average of the transmission
response over the frequency range of the measurement. For the 20 dB attenuator
example. the Band Pass response has a maomtude of 0.10 transmission coefficient

units (-20 JdB insertion [oss).

Time Domain Measurements 237
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FINIL DONIAIN LOW PPASS

Pac Tow Pass mode of Time Domain is used o simulate the wraditional TDR
seasurement, Hhis mode gives the user information (o deternune the tvpe of
disvorsannny (RO T or O) that s present. Low Pass provides the best resofution
crasiest rise tme). and it may be used 1o give cther the Step or Impuise response
O g odueviee.

The Low Pass modc is less general purpose than Band Pass in that it places strict
fmitations on the fregueney range ol the measurement. It requires that the
Cregueney Domain date pomts be harmonically refated trom de to STOP
Sequeney INTOP = Ny START. where N = NUMBUR off POINTS) The dc
Ceuuene s response iy entrapolated from the low frequency gata. The require-
et to sy do s the same limitdon thac exasts for waditional TDR
G e DL,

sctting Frequency Range for Time Domain Low Pass

Borore mening measurements an che fow Pass mode. the frequency range ot the
seasurenient must be oset so that STOP = 1y START, where nis the number or
sorres Pheccan be done divectly by the user. or else it will be done automaricail,
sen e SUT FRLEQ. (LOYW P ASS) woitive: 18 prossed. This key is included @
S CAL Neno and aso atter the FPINIE LOMW PASS solthey. Because the HP
<3 wah oo connert o e Low Pass mode unnd the SET FREQ. (LOW PASy)
Cot oy aressed at deast onee. 1ty very mporiant that this be done bel'ore caiibrai-
20 Qisecwises gome 1o Low Pass will change the measurement frequencies

DO WO e o Cri o corred o

oo SET FREQ. (1LOW PASNS) will set the STOPR frequency as close as pos-
whic to the vadue encered by the user. and iowill ser the START frequency equii
SONTOPONC N g evampie, 1l the user selects 1O poits, with START = 100
Ve and STOP = 2935 Gz therr prossing SET FREQ. (LOW PASS) wiil
coar 2o NTTART 0 U Nz =510 101
Hescase tie fowest meesiemient cegueney For the HIP 8310 s 43 Mz for eacn
aorcoor N there oy g humum aziowabic STOPR trequency that can be used. ang
ooty N =2 NG tande T4 desernbes the nunmum frequenc: range

o see o cac sadue o N when making Low Pass Time Doman
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HI> 8510 Network Analyzer Operating and Programming

Fable T4 Munmum Frequenaov Ranges For Tone Do Low Pass

NUMBLER of POINTS (N) MINIMIUM FREQUENCY RANGE
51 45 MHz 0 2295 GHz
0l 45 MHz 1o 4.545 GHz
201 45 MHz to 9045 GHz
401 45 MHz to 18.045 GHz

NOTEL: It the source cannot operate over the required
frequency range. the HP 8310 will nevertheless attempt
the operation,

It the STOP frequency entered is lower than the mimimum that is available for
the value of N selected. then pressing the SET FREQ. (LOVW PASS) softkey will
change the STOP trequency o that minimuim value, For example, if Number of
Pomts = 201, START = 100 MHz and STOP = 600 GHz then pressing SET
FREQ. (LOW PASS) will change START 1045 MHz and STOP t0 9.045 GHz (=
START x 2010). Because of these restrictions on the frequency range of the mea-
surentent. the Low Pass mode is most usetul for measuring lowpass broad band
devices.

Analyzing Low Pass Reflections

As mentioned. the Low Pass mode gives the TDR response of the device under
test.  This response contains information that is useful in determining the type of
discontinuity present. Betore making actual measurements in the Low Pass mode.
it s helplul o review the Low Pasy responses of known discontinuities. Each
circuit element of Figure 80 was simulated 10 show the corresponding Low Pass
Time Domain Sy} response waveform. The Low Pass mode will give the
response ol the device to either a Step or an Impulse stimufus. (Mathematically,
the Low Pass Impulse stimulus is the derivative ol the Step stimulus.)

These Tine Domain responses were generated using the Circuit Modeling Pro-

eram which is supplied with the Time Domain option (described at the end of the
Fime Domain section).

Time Domain Measurements 259
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LOW PASS REFLECHIONS
(REAL FORMAT)

LI1> 8510 Network Analyzer

ELEMENT STEP_RESPONSE
OPEN

UNITY REFLECTION
SHORT

UNITY REFLECTION. -180°

RESISTOR
R > 2y
POSITIVE LEVEL SHIFT

- Ne—_—
RESISTOR ‘

R < ZO
NEGATIVE LEVEL SHIFT

———-—'——'/———_

IMPULSE RESPONSE

A\

UNITY REFLECTION

/)

UNITY REFLECTION. -180°

M\

POSITIVE PEAK

—

NEGATIVE PEAK

Frcare SO Low Pass Step and Tmpulse Response HWaveforms of of 2
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2\ /\
INDUCTOR
POSITIVE PEAK POSITIVE THEN NEGATIVE PEAKS
CAPACITOR Vo \/\
NEGATIVE PEAK NEGATIVE THEN POSITIVE PEAKS

Freare SO Low Pass Siep and Tmpuls¢ Response Woaveforms 2 of 2
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Reflection Measurements in Time Domain Low Puass
To make measurements in the Low Pass mode. use the following procedure:

e Press PRESET,
e CAL.CAL I (7 mm)or CAL 2 ( 3.5 mun ).

The Cal Tyvpe menu (Figure 31, p. 183) will be displayed.

Press SET FREQ. (LOW PASS).

Perform an Sy 1-PORT calibration.

Connect a 25 2 anline and broadband load.

Press DOMAIN, TIME LOW PASS. SET FREQ. (LOW PASS).
Press AUTO 1o view the STEP response. Figure 81,

To view the Low Pass Impulse response of the device. press DO-
MAIN. SPECIFY TIME. IMPULSE (LOW PANS).
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Interpreting the Low Pass Response Horizontal Axis. The hovizontal axis tor
the Low Pass measurement iy the 2-way tavel time to the discontinuity. the same
Ay Por the Band Pass mode. Also. the Marker Tunction displays both the time (x2)
and clecieical length (x2) obtained by multiptving the time by the velocuy of
frghe 10 a vacoum (2997925E8 miosee). To get the actual physical tength, multiply
by the refative velocity ol tight tn the propagation mediun.

Interpreting the Low Pass Response Vertical Axis. The vertical axis depends
upon the formar chosen. In the Low Pass mode. the most usetul format is REAL,
winch displass the TDR response in reflection coettictent units.

This points out a kev difference between the Band Pass and Low Pass modes.
The Band Pass measurement is actually the response of the device to an RF pulse
with an impuise shaped envelope. For Band Pass. the Inverse Fourier Transform
ot the (complex) Frequency Domain data gives a complex (real and imaginary
parts) Time Domain response, and it is the magnitude of this response that is
displayved.
I

In the Low Pass mode, because the Frequency Domiiin data is taken at harmoni-
cally related Prequencies down to de. the Inverse Fourier Transtorm has only a
real part (the maginary part is zero). Theretore, the most useful format for the
Low Pass mode s the REAL format, witch displavs the response in reflection
coefticient units, Other uselul formats are listed in Table 3.

Tuble 13 Usetul Time Dot Low Pass Forsias

,r FORMAT PARAMETER }
" ,
t REAL REFLECTION COEFFICIENT UNITS

| LOG MAG RETU RN LOSS (dB) |
| SWR SWR L NITS

Trace Bounce. Depending on the magnitude of the response and on the test set
used. the Low PPass Step response of the device may exhibit a phenomenon called
display trace bounce. This is normal. and it can be improved by turning on
AVERAGING tunder the Response MENUYL This trace bounce is caused by a
fosy o measurement dvnamic range at low trequencies because of the roil ottt of
the coupter-hased test sets tHP 3312 and HP S3144A0 below 300 MHz down -30
B at 43 Mz The gace bounce s a factor of 30 times less in the bridge-based
test sels (HP 8313A and HP 8313A). which have flat magnitude trequency
responses down to 43 MHz

Pinme Donvam Measn 2ments 2ni
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As a second example of Low Pass reflecuon measurements. consider the Low

Pass Step response ot a 30 cm awrline and fixed load. shown in Figure 82.

Foroure 820 Sien Respunse of o 30 e Airline and Fixed Loud
i

The Low Pass response at t = 0 is that of the airline connection. By comparing
this response with the theoretical lLow Pass responses, one can determine whether
the mismateh present is capacitive or inductive. The discontinuity at the firs:
connection ot the airline is capacitive. The upward slope of the center section of
the response is caused by the loss in the airline. The second major response is that
of the fined ioad.

’
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TIME DOMALIN CONCEPTS
MASKING

Nasking is a physical phenomenon in which the Impuise or Step response ot one
disconunuity arfects the response ot each subsequent disconiinuity in the circuit.
This occurs because the energy reflected trom or absorbed in the first discontinu-
ity never reaches the second. In the 25 O airline example (Figure 81). the Low
Pass step response shows the reflection coetficient at the first discontinuity of
055 which is correct for an impedance of 253 2. However, at the end of the 23
D osection the response does not return 1o zero reflection coefficient, which it
siiould at a 30 n uupedance. The reason is that the step incident on the second
response is of iess than unity amplitude because of the energy retflected in the
First mismarcch.

As a second example ol” masking. consider the Time Domain response of a 3 dB
attenuator and a short circuit. The Inipulse response of the short circuit alone.
Frgure 83, shows a return foss of 0 dB. However, the response of the short circuit
piaced at the ¢nd of the 3 dB atenuator Hisplays a return loss of -6 dB. This
value actually represents the forward and return path loss through the attenuator.
and 1o dlustrates how a lossy nerwork can attect the responses that tollow ir.
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WINDOWING

The P 8310 has a feature called WINDOWING that is designed to enhance
Time Domain measurements. The need for Windowing is due to the abrupt tran-
sitions in the Frequency Domain measurement at the START and STOP frequen-
cies. This band limiting of the Frequency Domain response causes overshoot and
ringing in the Time Domain response. [t causes the (un-Windowed) Impulse
stimulus to have a sin(kt), kt shape (k =7/frequency span), which has two effects
that lunit the wselfulness ¢f the Time Domain measurement:

(1) Finite Impulse Width. This limits the ability to resolve between
two closely spaced responses. The effects ol the finite impulse width
cannot be mmproved without increasing the trequency span of the
measurement. See Table 106.

(2) Sidetobes. The Impulse sidefobes limit the dvnamic range of the
Time Domain measurement by hiding low level responses within the
sideiobes of the higher level responses. The effects of sidelobes can be
improved by Windowing. See Table [7.

Windowing improves the dynamic range of the Time Domain measurement by
moditving (filtering) the Frequency Domain data prior to conversion to the Time
Domain to produce an impulse stimulus with lower sidelobes. This greatly enihan-
ces the effectiveness in viewing Time Domain responses that are very ditferent in
magnitude. The sidelobe reduction is achieved. however, as the tradeoff with
increased impulse width, The etftect of Windowing on the STEP stimulus (inte-
gral of the tmpulse stimulus. Low Pass mode only) is a reduction of overshoot
and ringing at the wradeot! with increased rise time.

Three Windows are avaiable: MHNIMUNM, NORMAL. and MAXIMUM. The
Window mav be selected by pressing DOMAIN, SPECIFY TIME. The sidelobe
levels of the Time Domain stimulus depend only on the Window that is sefected
(see Table 175 MINIMUM iy essenually no window and therefore gives the
highest sidelobes: NORMAL (sefected by PRESET) gives reduced sidelobes and is
normatly the most usetul: MANXIMUND gives the minimum sidelobes and thus
provides the zreatest dynamic range.

e e Pooroon Neasaremerne
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Tuble in. Time Domuain W acdon Cluaracteristics

3

il
\

B}
S
u‘;".".""l: ' “ I ' f‘i‘:‘zltw.__*

WINDOW INIPULSE STEP

l
i Impulse Sideiobe Level TYPE SIDELOBE  SIDELOBE
‘i — LEVEL LEVEL

? MINIMUM -[3 dB -21 dB (
R——l NORMAL ~3dB -0 dB :
J ' MAXIMUM <-90 dB <-90 dB i
‘ Step Sidelobe Level J

The sidelobe reduction due to Windowing is achieved at a tradeoff with an in-
crease in the Step (10% - 90%) Rise Time and the Impuise (50%) width. These
paramerers also depend upon the frequency span of the measurement. and they
can be calculated using the approximate fornfulas given in Table 17,

Tunle [~ Approxine Fornadas For Step Rise Time und pulse Width

]’ LOW PASS
| (10 MINIMUM WINDOW |
| STEPRISE TIME 045 {22 NORMAL WINDOW |
(0% - 90%) FREQ SPAN {33 MAXIMUM WINDOW |
| (10 MINIMUM WINDOW |
 IMPULSE WIDTH _ 0.60 « (16 NORMAL WINDOW |
1300 FREQ SPAN {24 MAXIMUM WINDOW |
BAND PASS |
(10 MINIMUM WINDOW |
[MPULSE WIDTH ____ 1.20 « {16 NORMAL WINDOW
150%) "FREQ SPAN { 24 MAXIMUM WINDOW |

Multiply by the velocity of fight in a vacuum (2.997923E3 m, sec) to get electrical
length. and then by the relative velocity ot light n the the propagation medium
to get phvsical length.

Time Domain Measurements 207
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The purpose of windowing is to make the Time Domain response more useful in
isolating and identifying individual responses. The window does not affect the
displaved Frequency Domain response. It is turned on only when the Time Do-
main response is viewed. Figure 84 shows typical effects of windowing on the
Time Domain response of the reflection measurement of a short circuit.

WINDOW MINIMUM NORMAL WIDE

LOW PASS /ﬂ/\/w —__\‘ \
STEP \

AN —_—
LOW PASS N VT / N
[NMPULSE L | \

BAND PASS N VNS — T~

INIPULSE '

Fieure 84 Eftect of SWindowing on Time Domain: Responses
of o Short Circui

268 Fime Domam Measurenenty
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RANGE

In the Tume Domiin, the RANGE is defined as the length in time that a measuye-
ment can be made without encountering a repetition of the response (see Figure
83). The repetition ol the Time Domain response occurs at regular intervals of
time and is a consequence of the Frequency Domain data being taken at discrete
trequency points rather than being continuous.

The Range of a measurement iy equal to 1/AF. the spacing between frequency
data points. [t is therefore directly proportional to the number of points and
inversely proportional to the Frequency Span (STOP - START frequency) and
can be calculated using the following formula.

RANGE = I/AF = (Number of Points - |),Frequency Span

As a sample calculation. for a 201 point measurement tfrom 50 MHz to 18 GHz
(SPAN = 17935 GHaz). the Range is (201 - 1) 1795 GHz = 11.l nsec (3.34 m).
Thus the device under test has to be 3.34 m or less in electrical length tor a trans-
mission measurement (1.67 m for a rellection measurement) or else an overlap-
ping ol the Time Domain responses (aliasing) will occur. (Remember to multiply
by the relative velocity of light in the medium to get actual physical length.)

Fieure 83, Fune Do M easurement Showmye Response Repetitions

To increase the Time Domain measurement Range. it is usually better to first
increase the number of points. because decreasing the frequency spian will reduce

the resolution.

Tune Domain Measarements 209
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RESOLUTION

There are two dittferent terms involving resolution in Time Domain: RESPONSE-
RESOLLTION and RANGE-RESOLUTION. The Time Domain Response-
Resolution is defined as the ability to resolve two closely spaced responses. In
other words. il two responses are present. this is how closely they can be spaced
and sull be distinguished rom one another. For responses of equal amplitude, the
Response-Resolution is equal to the 50% (-6 dB) impulse width. It therefore is
inversely proportional to the frequency span of the measurement and is also a
Function of the window that is used. Approximate formulas for calculating the
30% Impulse width are given in Table |7. For responses that are of different
amplitudes. the Response-Resotution will be wider.,

Range-Resolution is defined as the ability to locate a single response in tume. In
other words. it only one response is there, this is how closely vou can pinpoint the
peak of that response. The Range-Resolution is equal to the digital resolution of
the CRT display which is the time span displayved divided by the number of
points. Maximum Range-Resolution is achieved by centering the response on the
display and then reducing the time span. Therefore. the Range-Resolution is al-
wavs much tiaer than the Response-Resolution.

To ilustrate the difference between these two resolution terms. consider a mea-
surement with a trequency span of 18 GHz For Low Pass. with a Normal
Window. the Response-Resolution (Iimpulse width) is 53 psec (0.6 x (1 18 GHz) x
vopor 1o mm oin electrical lengeh (33 psec x 2.997925E8 missec). As illustrated in
Figure 30. two Time Domain responses of equal amplitude separated by 16 mm
could be resolved 1n this Time Domain measurement. (This indicates an actual

discontinuity separation of § mum for reflection measurements.)

Now consider the case where only one response is present. By centering that
response on the display and adjusting the time SPAN to equal the 30% Impulse
width 33 psec. 1o mm). Figure 80. the Range-Resolution is reduced to 40 um (10
mm 401 points). The Range-Resolution can be further reduced by narrowing the
rime span.

270 Tane Donven Neasarements




Operating and Programming

FIP 8310 Network Analy za

B e Sy e
=253 3o - SEE § 300 mem- 12
N LIS A S8 & awn s
T 3 as -l
=z ) -
M\
{ .\ X
I
T : ' // \\\
) \ J/ \
/ \ \
: / \
IINTIE 353 Dz - : SENTER 11 %5 3s .
$3an 3300 oz SPaN T D s
Respoinse-Resolution Runge-Resolution

Figure 86, Resolution i Tune Doman

|

Tune Donuun Measurements




Operating and Programming HP 8510 Network Analyzer

GATING

The HP 8510 gating feature gives the user the Flexibility to selectively remove
reflection or transmission Time Domain responses. In converting back to the
Frequency Domain. the effects of the responses outside the Gate are removed. [n
a reflection measurement, vou can remove the effects of unwanted mismatches
or else isolate and view the response of an individual mismatch. In a transmission
measurement you can remove the responses ot multiple transmission paths.

Setting the Gate. A Gate is a temporal band pass filter used to filter out unwan-
ted Time Domain responses. Responses outside the selected gate are not included
in the trace. There are three Gate indicators: START. CENTER, and STOP.
The Gate has a bandpass filter shape. as shown in Figure 87. The GATE CEN-
TER indicates the center tume (not frequency) of this filter, and the Gate START
and STOP indicate the -6 dB cutof't umes, Gate SPAN = STOP - START.
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Operating and Programming 1P 8510 Network Analyvzer

Consider using gating 1o analyvze the response ol a 7mm-to-3.3mm adapter con-
nected o 330 airtine and o fined load. The Trequency Domain and the

Band Pass Time Domain responses ol such a setup are shown in FFigure 88.
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HP 85310 Network Analyzer Operating and Programming

W will now use gating to analyvze the response of the adapter only,

e Press DOMAIN, TINME BAND PASS, SPECIFY GATE.

o The three Gate indicators will now appear on the screen. Press
GATE CENTER. and use the knob or keyvpad to move the center
indicator to t = 0.

In Figure 89, the time domain display shows the gate center. 36 ps, as
the Active Function.

o Press GATE SPAN and use the knob or kevpad to adjust the Gate
Span 10 0.70 ns.
¢ Press GATE ON o turn on the Gate.
The responses outside the Gate will be removed. See Figure 39,
e Press DOMAIN, FREQUENCY.
View the gated Frequency Domain response of the adapter. See
Figure 39.
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The darker shaded trace in the Frequency Domain plot of Figure 89 shows the
Gated Frequency Domain response. which is that of the adapter only. The er-
fecty ot the Fived toad on the neasurement are remon ed.
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Operatie and Progranuming HEP 8510 Network Analyzer

sclect Gate Shape. Pour ditferent Gare shapes are availabler MINIMVIUNM,
NORNIAL, WIDE. and NEANINIUNL Fach ol the Gares have different pass-
Dand latness, cutolt rates andd sidetobe devels T mdicates the Gate span which
N e e between the Crate start and stop indicators. T2 s the time between the
cidze o the Gate passhand and the -0 dB Gate siop time. T3, cquat to T200s (he
time between the Gate stop tinte and the poine where the filter First reaches the
icvel o thie highest Gate sidelobe. The Gate charvacteristies for each Gate shape
dre inted i Pable 18,

/“““/(' /r\ (JU'/L' ( AT CEENTEO Y

| | :
GATL ASSEAND SIDELOBE | CLTORE TIME | MINIMU
SIAPE 1 RIPPLE | LLVELS | 12=T3 | GATE SPAN |
VINMUM Loz od0an | 24 an 06/ FSPAN | 12/ FSPAN |
NORMIAL = 0.04dB 43 48 (4 FSPAN | 2.8/ FSPAN
WIDL | 00248 | -32dB | 40 FSPAN | 80/ FSPAN |
VENIMUNE [ =001 dl | R0dB | 112 FSPAN %::.4; FSPAN |

Phe Passband Ripple and Sidelobe Levels are deseriptive ol the gate (Hilter) shape.
Phe Cutoll Time, T2 = 13 1see Fable 18) mdicates how fast the gate tilter roiis
ol Lo cach gate shape. there is abso a NMumimum Gate Span (T, = 2 © T2)
which gives a Giiter passband ol zero. To enter a0 Gate span sm:\fcr than nuni-
aram sl produce a distorted Tilter shape thar will have no passband. will not
D e o narrower shape. nny have higher sidefobe levels. and will give an incor-
rect indication of gate START and STOP vmes. Theretore. it is important to
alwans select o Gate span that is higher than the mimmmum value. The Cutot't
tne and the Ninimum Gate Span are mversely proportional 1o the trequency
o of tire mesnsurement as dicated v Table K.

For o best results using Gating, it iy important 1o always center the Gate around the
csponserss that vou want to retain i the measurement and to make the Gate
o wcde enough o inciude all of those responses. [t is also recommended to use
e aodest Gate siuape possible,
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IR 3310 Networh Anmaly zer Operating and Programming

MEASEUREMENT RECOMDMENDATIONS

Wihen making Time Domain measurements. it is generalls a good practice (o
measure the device within the frequency range that it is designed to operate.
There are two reasons for this.  Fust. the noise tloor of the Tune Domain
response s directly related to the noise in the Frequency Domain data. There-
rore. i many ot the Frequency Domain data points are taken at or below the
naise tloor of the measurement. then the noise tloor of the Time Domain mea-
surement will be increased. A second reason to measure the device within its
operating requency range is because the in band response is normally of interesi.
The Time Domain measurement is an average ot the response over the frequency
range of the measurement. and if the Frequency Domain data is measured out or
band. then the Time Domam measurement will also be the out of band response.
Flowever, since the Time Domain Response-Resolution is inversefy proportional to
the frequency span. it may at times be desirable (with these limitations in mind) to
use a trequency span that is slightly wider than the device bandwidth to give
Letter resolution.

source Considerations

Athough either source will work well in making Time Domain measurements. the
P340 svnthesized sweeper has the advantage that it provides greater
¢ namic cange than the HP 83308 sweeper. The mamn reason for this is the
Coequeney stabihies of a synthesized source. The small nonlinearities and phase
discontinuities that occur in the ramp sweep mode cause [ow [evel noise sidebands
on the Time Domamn lmpulse or Step stunulus. These interfere in measurements
requirmg larze dyvnamic range. Perform a TRIM SWEEP adjustiment before
catibrating to help miniize these noise sidebands. Adjusting trim sweep is ex-
niained at the end of the section ot this manual titled Measurement Calibration.

frothe IR 8340\ tsvathesized) step sweep mode. the improvement in source
ol ehmunates these noise sidebands and improves the Time Domain measure-
ent dsnanmie range by as amuch as 30 B A second improsyement is that the HP
S 20N sepped sweep mode allows the use of many averages per point without
2oatin atteetng the sweep time, and this lowers the noise tloor of the Time
Lomam measurement. It s recommended to pertorm a Trim Sweep adjustnent
nror o calibrating when making measurements in the ramp sweep mode 10 mini-
e prase disconmuines.
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Operating and Programming HP 8510 Network Analyzer

Test Set Considerations

The bridge-based test sets (HP 8513A and HP 8513A) have two advantages over
the coupler-based test sets (HP 8512A and HP 8514A) when making Time Do-
main measurcments.  First. the bridge-based test sets extend in frequency to 26.5
GHz versus 18 GHz for the coupler-based test sets. When measuring broadband
devices. this extra bandwidth provides better Tune Domain Response- Resolution.

The second advantage is that the bridge-based test sets have a fiat response down
0 43 MHz whereas the coupler-based test sets begin to roll off (but are stll
usable) below 300 MHz. This coupler roll oft' reduces the dynamic range avail-
able at the low frequencies (-30 dB at 43 MHz) and therefore increases the Time
Domain noise floor when measurements are made at those frequencies (this caus-
es the trace bounce in the l.ow PPass Step response).
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